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Abstract 
Critical metals are of growing economic importance for the low carbon sector 
but are susceptible to resource restrictions and have no viable substitutes in 
their applications.  In this study, 134 samples of the Cornubian Batholith, SW 
England, with associated early Permian mafic and ultramafic rocks were 
sampled and analysed by ICP-MS and XRF for their major, trace and critical 
metal (Li, Be, Ga, Ge, Nb, Ta, In, Sb, W and Bi) abundance.  The mineral 
chemistry of feldspars, micas, tourmaline, topaz and cordierite was determined 
for 8 samples by EPMA and LA-ICP-MS. 
The Cornubian Batholith is a peraluminous, composite pluton intruded into 
Devonian and Carboniferous metasedimentary and volcanic rocks.  
Geochemical fractionation trends recorded by whole rock geochemistry and 
mineral chemistry permit trace element modelling of two distinct fractional 
crystallisation series, biotite-muscovite (>282 Ma) and biotite-tourmaline (<282 
Ma).  The biotite-muscovite granites formed through muscovite and minor biotite 
dehydration melting of a metagreywacke source at moderate temperatures and 
pressures.  Fractionation of an assemblage dominated by feldspars and biotite, 
enriched muscovite granites in Li (average 340 ppm), Be (13 ppm), Nb (16 
ppm), Ta (3.7 ppm), In (77 ppb), Sn (17 ppm), W (12 ppm) and Bi (2.6 ppm) and 
are spatially associated with greisen style Sn-W mineralisation.  Muscovite is 
the major host of In, Sn and W, and as muscovite is late-stage / subsolidus this 
implies these metals are highly incompatible in magmatic minerals and likely to 
partition into fluids exsolving from evolved muscovite granites. 
The biotite-tourmaline granites formed through higher-T melting than the first 
suite due to underplating of the region by mantle-derived melts during tectonic 
extension.  Fractionation of feldspars, biotite and cordierite enriched Li (average 
525 ppm), Ga (28 ppm), In (122 ppb), Sn (14 ppm), Nb (30 ppm), Ta (5.5 ppm), 
W (7.1 ppm) and Bi (2.7 ppm) in the tourmaline granites with retention of Be in 
the biotite granite due to partitioning of Be into cordierite.  Distribution of Nb and 
Ta is controlled by accessory phases such as columbite within the evolved 
tourmaline granites, promoting disseminated Nb and Ta mineralisation.  Lithium, 
In, Sn and W are hosted in biotite group micas which may prove favourable for 
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breakdown on ingress of hydrothermal fluids and partitioning of the critical 
metals into mineralising fluids emanating from evolved tourmaline granites. 
Topaz granites are analogues of Rare Metal Granite described in France and 
Germany.  They contain albite, polylithionite and topaz as major minerals and 
show differing trends on major and trace element plots relative to the other two 
granite series.  These granites are enriched in Li (average 1363 ppm), Ga (38 
ppm), Sn (21 ppm), W (24 ppm), Nb (52 ppm) and Ta (15 ppm) and formed 
through partial melting of a biotite-rich residue left after melting that formed 
early biotite granites.   
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Chapter 1: Introduction 
1.1 Project Rationale 
Growth in the low carbon and consumer electronics sectors has led to a rise in 
demand for metals that are not typical targets of exploration and mining.  Metals 
such as In, Ge, Be and Bi are used extensively in products such as solar panels 
and touch screen devices, with Li essential for high capacity energy storage 
(Moss et al., 2011). Several metals including Be, Nb, Ta, Sb, Ga, W and Bi are 
identified as having strategic importance for the UK and the EU (European 
Commission, 2010; House of Commons, 2011; British Geological Survey, 2012; 
European Commission, 2014).  Consumption of several of these metals already 
outstrips supply and there is immediate need to identify further resources 
(USGS, 2014).  Supplies of many of the metals are from politically unstable 
countries and knowledge of domestic resources would be beneficial (Figure 
1.1). 
 
Figure 1.1.  Summary map showing the major producers of the twenty critical raw materials 
identified as of major strategic importance for the EU.  From European Commission (2014). 
Peraluminous granites represent a major source for ore deposits, particularly in 
elements often described as lithophile in character (Li, Nb, Ta, Be, Sn and W) 
(Černŷ et al., 2005; Sial et al., 2011 and references therein).  These metals, 
plus metals deemed critical for which there is limited information on their 
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behaviour in granites (Ga, Ge, Sb, In, Bi), are included in this study.  All of these 
elements are typically incompatible during magmatic processes due to their 
high charges and large ionic radii.  They are, therefore, readily partitioned into 
magmas during crustal melting and excluded from crystallising minerals.  A 
prerequisite for understanding the distribution of critical metals in magmatic-
hydrothermal mineralisation styles is an understanding of their behaviour in the 
magmatic environment prior to exsolution of magmatic-hydrothermal fluids.  A 
targeted study of granites associated with hydrothermal mineralisation will aid 
understanding of the processes controlling enrichment of the critical metals in a 
magmatic environment prior to any partitioning into magmatic-hydrothermal 
fluids.   
Processes that could control critical metal enrichment in granites include source 
variation (e.g. Blevin and Chappell, 1992), melt extraction history (e.g. Harris et 
al., 1995), varying degrees of partial melting (e.g. Cuney, 2009), fractional 
crystallisation (e.g. Pupier et al., 2008), mixing with mantle-derived melts (e.g. 
Patiño-Douce, 1999) and restite unmixing (e.g. Chappell et al., 1987).  Often 
granite differentiation is a combination of processes (e.g. Cuney et al., 1992; 
Breiter, 2012; Teixeira et al., 2012).  Processes cannot be modelled without 
understanding the mineralogical distribution of the respective metals.  For 
several of the metals important to this study, there are no experimentally 
determined partition coefficients.  Metals such as In and Sb have few published 
analyses, either in whole rock geochemistry or mineral chemistry datasets.  
Appropriate analytical protocols are lacking and there was an additional need in 
this study to develop these. 
Overall, this study aims to understand the magmatic behaviour of the critical 
metals through an investigation of the granites in SW England (Figure 1.2).  
This location was chosen as there is a well-documented history of mining in the 
region, including of metals now deemed “critical” (e.g. Bi, W, Sb).  Preliminary 
studies of the various mineralisation styles in the region indicate that 
concentrations of critical metals are comparable to resources currently being 
exploited in China, Canada and Bolivia (Andersen et al., 2009).  This study 
essentially centres on the magmatic evolution of the magmatic-hydrothermal 
system in SW England.  There are several stages of (largely) fracture-controlled 
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mineralisation related to the release of magmatic-hydrothermal fluids during, 
and immediately after, pluton construction (Jackson et al., 1989) and it has 
been demonstrated that evolved tourmaline-bearing granite are the magmatic 
precursors to mineralisation in the Land’s End region (Müller et al., 2006a).  
Metals such as W, Sn and In are also currently significant for the economic 
potential of active mineral prospects in SW England (Wolf Minerals at 
Hemerdon in south Devon, New Age Exploration in east Cornwall, and Treliver 
Minerals in central Cornwall). 
Due to extensive historical mining, research has been conducted in SW 
England since the late 1700s (Pryce, 1778), providing a wide range of 
information that can be utilised in this study.  A number of studies have 
focussed on the regional tectonic evolution (Leveridge and Hartley, 2006; Shail 
and Leveridge, 2009), textures and mineralogy of the granites (Exley and 
Stone, 1964; Dangerfield and Hawkes, 1981), lamprophyres (Leat et al., 1987; 
Thorpe, 1987; Fortey, 1991), isotopic characteristics of the granites and host 
rocks (Darbyshire and Shepherd, 1994), geochemical evolution (Stone, 1992; 
Chappell and Hine, 2006; Müller et al., 2006a) and granite emplacement 
(Kratinova et al., 2003).  The major plutons and associated mineralisation all 
have high precision U-Pb radiometric dates (Chen et al., 1993; Chesley et al., 
1993; Clarke et al., 1993, 1994) to complement this study.   
Authors are split on the extent of a mantle contribution to the granites.  The 
granites were intruded during a periodic post-Variscan extension (Shail and 
Leveridge, 2009) and some authors favour a mixed crustal-mantle source 
(Darbyshire and Shepherd, 1994; Stimac et al., 1995) whereas others prefer a 
wholly crustal source (Charoy, 1986).  Two studies theorise that the granites are 
derived from extreme fractionation of mantle melts combined with wallrock 
assimilation (Watson et al., 1984; Leat et al., 1987).  Mafic microgranular 
enclaves (MME) within the granites and contemporaneous basalts and 
lamprophyres imply mixing processes may have taken place.  An additional part 
of the study is modelling of various processes that have formed the granites as 
this aids understanding of the critical metal distribution. 
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Figure 1.2.  Extent and location of the study area showing simplified geology (Lizard ophiolite, metasedimentary rocks, granites and main areas of 
granite-related mineralisation).  Isles of Scilly shown in inset map.  UK outline from Ordnance Survey and detailed map from Digimap both © Crown 
Copyright 2012. An Ordnance Survey / EDINA supplied service.  
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The granites of SW England have similarities to peraluminous granite plutons 
elsewhere.  The Variscan granites of Portugal, Germany and France have an 
association with Li, Be, Nb, Ta, In, Sn and W mineralisation (e.g. Marignac and 
Cuney, 1999; Seifert and Sandmann, 2006; Neiva et al., 2011; Breiter, 2012).  
Peraluminous granites associated with critical metals in Bolivia, Peru, western 
Canada, Australia and Brazil also have similarities with the region (e.g. Dostal 
and Chatterjee, 1995; Audétat et al., 2000; Sinclair et al., 2006; Moura et al., 
2007). 
1.2 Aims and objectives 
The aims of this study were: 
1. To establish appropriate analysis methods for the critical metals. 
2. To clarify the mineralogical hosts of the critical metals within the granites 
by analysis of major silicate minerals in the absence of experimentally 
determined partition coefficients. 
3. To determine the abundance of critical metals within the granites, 
lamprophyres, enclaves and metasedimentary rocks relative to average 
crustal and mantle abundances. 
4. To resolve the source characteristic of the granites and the impact these 
have upon the critical metal abundance.  
5. To determine the processes controlling critical metal distribution. 
The first aim was an essential component as without this the remainder of the 
study could not have taken place.  Due to their anticipated low abundance, 
inductively coupled plasma mass spectrometry (ICP-MS) was used as the 
method for analysis of whole rock critical metal abundance.  There are 
difficulties associated with analysis of granites using this method (see Cotta and 
Enzweiler, 2012 and references therein) as dissolution of minerals such as 
zircon and monazite can be difficult.  Indium is also rarely analysed and is the 
preferred internal standard for ICP-MS analysis in many studies (e.g. Yu et al., 
2001). 
Aim two was required as major minerals such as trioctahedral micas, feldspars 
and tourmaline can record the geochemical characteristics of the melt from 
which they crystallise (e.g. Blundy and Wood, 1991; Tischendorf et al., 2001; 
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Marks et al., 2013).  Partitioning of trace elements, particularly In, is largely 
unknown in granites although there are analyses for In in mafic rocks (e.g. 
Adam and Green, 2006; Tanner et al., 2014).   
The last three aims were assessed using geochemistry and the knowledge of 
the distribution of the critical metals in major granite minerals obtained from 
investigation of aim two.  Source characteristics can be determined using whole 
rock geochemistry (e.g. Patiño-Douce, 1999; Chappell and White, 2001).  
Varying sources undergo different partial melting regimes which impact upon 
metal distribution in the melt (e.g. Harris et al., 1995; Spear et al., 1999).  Whole 
rock and mineral chemistry data were used to inform trace element models for 
granite differentiation processes described at length by Rollinson (1993) as 
these models are successfully applied in SW England (Williamson et al., 2010) 
and other granite regions (e.g. Tartèse and Boulvais, 2010). 
1.3 Thesis structure 
The thesis is comprised of nine chapters in total with associated appendices.   
 Chapter Two provides an overview of the geology of SW England, 
including regional tectonic evolution and discussion of the mafic and 
ultramafic rocks that are contemporaneous with the granites.   
 Chapter Three discusses the uses of the critical metals plus factors 
affecting their supply.  The chemistry and partitioning behaviour of the 
various metals is described.  Processes controlling variation in granites 
are summarised, with examples from granites that are associated with 
critical metal deposits elsewhere in the world. 
 Chapter Four discusses the methodologies utilised in this study to 
achieve the aims discussed in section 1.2.  This includes development of 
appropriate methods for ICP-MS analysis and issues surrounding the 
lack of standard reference material for critical metals.  Problems with the 
analysis of In by ICP-MS are resolved. 
 Chapter Five summarises the field relations, mineralogy and petrology of 
the various rock types (granites, rhyolites, aplite, lamprophyres, basalts, 
and enclaves).  Particular attention is paid to minerals such as 
muscovite, cordierite and andalusite which are fundamental for 
28 
determining processes controlling granite formation and evolution.  A 
granite classification scheme is proposed that aids understanding of the 
processes controlling critical metal distribution and forms the basis for 
the following chapters. 
 Chapter Six presents major and trace mineral chemistry for major silicate 
minerals within a range of different granite types and discusses the 
partitioning behaviour of the critical metals.  There are no published laser 
ablation inductively coupled mass spectrometry (LA-ICP-MS) analyses of 
In in major granite silicate minerals, with limited data for W.  Variations in 
mica, tourmaline and feldspar chemistry are shown to support models 
discussed in Chapter Eight. 
 Chapter Seven supplies major and trace element data for the granites, 
mafic and ultramafic rocks, enclaves and metasedimentary rocks.  The 
three granite suites in SW England are discussed along with behaviour of 
the critical metals with granite evolution.  Major element data are used to 
constrain the granite source type and potential fractionating minerals 
during granite evolution which are utilised in Chapter Eight. 
 Chapter Eight reviews models of the major processes (e.g. source 
variation, partial melting, restite unmixing, magma mingling, fractional 
crystallisation) that could control critical metal distribution and granite 
evolution utilising data from Chapters Five, Six and Seven. 
 Chapter Nine summarises the main findings of this study to resolve the 
aims discussed in section 1.3 and provides avenues for further study. 
Appendix One provides information for sample localities in this study with 
descriptions of the rock types.  Appendix Two summarises major and trace 
element chemical data for the major minerals from EPMA analysis with 
Appendix Three LA-ICP-MS data.  Appendix Four provides the major and trace 
element whole rock data and Appendix Five modal abundances from 
QEMSCAN® analysis.  Appendix Six provides calculations for all models in 
Chapter Eight. 
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Chapter 2: Geology of SW England 
The presence of granites in SW England is a consequence of the closure of the 
Rheic Ocean during the Silurian and the subsequent extension during the 
Carboniferous.  The Variscan Orogeny was the dominant control on the thermal 
evolution of the lithosphere and the tectonic evolution leading up to and 
following Variscan convergence is detailed below.  The extensional regime is 
responsible for the intrusion of mafic and ultramafic rocks in SW England which 
may or may not affect granite composition and evolution. 
2.1 Tectonic evolution of the study area  
SW England is located within the Rhenohercynian tectonic zone of the Variscan 
Orogen, one of several Variscan tectonic zones within Western Europe (see 
Figure 2.2).  The pre-Devonian history of SW England is largely unknown, but 
the region was thought to be part of the supercontinent Gondwana lying at a 
latitude of approximately 70ºS.  The Iapteus Ocean separated Laurentia (North 
America and northern Britain) from Gondwana and Baltica (Scandinavia and 
Denmark) (Matte, 2001; Kroner and Romer, 2013).  In the Middle Ordovician, 
the Rheic Ocean opened during rifting in the north of Gondwana, resulting in the 
separation of the microcontinent Avalonia, which contained SW England, 
northern France and eastern parts of America (Franke, 2000).  A small outcrop 
of gneiss known as the Man of War Gneiss, dated at 499 +8/-3 (2σ) Ma is the 
only relict of a pre-Variscan basement in the study area, although this could 
represent lower plate SW England or upper plate Saxothuringian (Sandeman et 
al., 1997). 
Further rifting in the mid-Ordovician resulted in the separation of another 
microcontinent, Armorica, which was detached from Gondwana by the newly 
formed Galcias-Brittany Ocean with the Rheic Ocean and Avalonia lying to the 
north (Figure. 2.1a).  This rifting left Avalonia lying between the northern 
passive margin of the Rheic Ocean and the southern destructive margin of the 
Iapteus Ocean.  (Matte, 2001; Leveridge and Hartley, 2006; Kroner and Romer, 
2013).  The Caledonian Orogeny in the mid-Silurian closed the Iapteus Ocean 
and a mountain belt formed due to the collision of Laurentia and Baltica 
(forming Laurussia).  Closure of the Rheic Ocean during the late-Silurian 
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resulted in the continental collisional phase, the Variscan Orogeny, in the 
Carboniferous (Figure. 2.1b) (Matte, 2001).  
Studies have focussed on the complexity of the Variscan Orogen with 
numerous subduction zones and varying rheological properties of the different 
crustal domains.  Closure of the Rheic Ocean, followed by immediate extension 
and re-opening of the suture and reversal once more is proposed, along with 
the existence of numerous oceans and microplates (e.g. Franke, 2000; Tait et 
al., 1997).  Ongoing sea floor spreading, collisional and transpression from the 
Ordovician through to the Devonian in the various Variscan zones is proposed 
by Kroner and Romer (2013).  The tectonic evolution of SW England is 
considered in the following section. 
 
Figure 2.1.  Schematic summary of plate positions during (a) The Middle Ordovician and  
(b) The Early Carboniferous.  The position of SW England is indicated.  Summarised from Matte 
(2001). 
2.1.1. Pre-Variscan Devonian to Carboniferous rifting 
Extension during the early-Devonian resulted in the formation of and deposition 
in a series of E-W trending sedimentary basins on the southern margin of 
Avalonia (Figure 2.2).  The Looe, South Devon, Tavy, Culm and North Devon 
basins developed as a series of half-grabens and/or grabens (Leveridge and 
Hartley, 2006).  The presence of the Lizard Ophiolite has led to the conclusion 
that the rifting that resulted in these sedimentary basins also resulted in sea-
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floor spreading and a small oceanic basin (Barnes and Andrews 1986; 
Leveridge and Hartley, 2006; Shail and Leveridge, 2009).  Radiometric dating of 
the Lizard Ophiolite indicates an age of 397 ± 2 (2σ) indicating sea-floor 
spreading had commenced by the Middle Devonian (Clark et al., 1998). 
 
Figure 2.2.  Geological map of the study area showing the major sedimentary basins formed 
during Devonian and Carboniferous rifting.  Inset map shows the location of SW England within 
the Rhenohercynian zone (RHZ) of the European Variscides.  From Shail and Leveridge (2009) 
after Leveridge and Hartley (2006). 
2.1.2. Variscan convergence 
Variscan convergence, continental collision, and basin inversion of the half-
grabens and grabens resulted in the sedimentary basins becoming stacked 
upon one another in a series of thrust nappes.  In the Gramscatho Basin, the 
first stage of deformation, D1 is characterised by NNW verging folds with a slaty 
cleavage that dips gently SSE (Alexander and Shail, 1995). 
Studies have indicated that D1 metamorphic conditions reached 3.2 ± 0.3 kbar 
at 320 ± 10ºC (Barnes and Andrews, 1981; Harvey et al., 1994) implying a 
crustal depth of approximately 13-14 km (Harvey et al., 1994).  D1 deformation 
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did not affect the Silesian sequences in the Culm Basin and these rocks 
underwent their first period of deformation during D2 deformation (Leveridge 
and Hartley, 2006).  Peak D1 related metamorphism ranges in age from 370-
360 Ma south of the Start Perranporth Zone (SPZ) to ~320 Ma south of the 
Culm Basin, also recognised as the northern limit of felsic magmatism. 
Progressive convergence led to the development of D2 and associated S2 and 
F2, trending NW to SE (Alexander and Shail, 1995).  This phase of deformation 
represents a continued period of convergence that resulted in the formation of a 
new slaty cleavage that differs from the D1
 cleavage and continued folding and 
thrust faulting.  By the end of the Westphalian, all sedimentary basins had been 
inverted and deformed and although this convergence had produced thrust 
nappes it is not thought that major crustal thickening occurred (Leveridge and 
Hartley, 2006).  The Rhenohercynian suture created during Variscan 
convergence is placed to the south of SW England, meaning SW England was 
located on the lower plate during collision (Shail and Leveridge, 2009).   
D2 metamorphic conditions imply a shallower depth of approximately 4.5 km 
with a temperature of 270ºC and a pressure of 1.2 kbar (Harvey et al., 1994).  
Metamorphism within the region varies from diagenetic in Upper Carboniferous 
aged rocks through to locally greenschist facies in Devonian-aged rocks (Warr 
et al., 1991).   
2.1.3. Post-Variscan extension 
The final phase of deformation (D3), beginning c. 305 Ma, is extensional and 
related to reactivation of the Rhenohercynian suture.  Associated D3 
deformation initiated before the intrusion of the granites (Shail and Leveridge, 
2009).  D3 deformation is represented by narrow zones of tight-open folds, 
rotations of D1 and D2 structures and a northerly inclined crenulation cleavage.  
Post-D2 gravitational collapse of inverted Culm Basin deposits also occurred 
(Shail and Leveridge, 2009).  F3 folds verge SSE and S3 dips moderately NNW 
with slickenlines on associated folds plunging SSE (Alexander and Shail, 1995).  
This extension is accompanied by the emplacement of mantle derived basic 
and ultrabasic rocks detailed in the section 2.2. 
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2.2. Mafic and Ultramafic rocks 
A period of pre-Variscan extensional tectonics during the Early Devonian to 
Carboniferous led to continental lithospheric thinning and the intrusion of mafic 
lavas.  The period of extension following the Variscan Orogeny led to further 
lithospheric thinning and generation of mantle melts forming lamprophyres and 
basalts (Figure 2.3).   
2.2.1. Devonian 
Within the Gramscatho Basin, metabasites, also known as greenstones, 
account for 10 - 20% of the volume of the Upper Devonian in the Mylor Slate 
Formation (Selwood et al., 1998) and studies have indicated their tholeiitic 
character (Floyd, 1984).  Pillow lavas, sills, dykes and occasional volcaniclastic 
debris flows that are contemporaneous with sedimentation are also found within 
the Gramscatho Basin (Taylor and Wilson, 1975).  The volcanic rocks of the 
Looe, South Devon and Tavy Basins include alkali basalt lava flows, tuffs, pillow 
lavas, and dolerites (Selwood et al., 1998; Merriman et al., 2000).  All of the 
Devonian mafic rocks within the region are altered by regional metamorphism 
and contact metamorphism within granite aureoles and subsequently there are 
few primary igneous minerals remaining (Floyd et al., 1993).   
Zr/Nb ratios have also been used to show that the basaltic lavas in the region 
can be subdivided according to geographical regions and broad tectonic units.  
Rocks with higher Zr/Nb ratios are found in North Cornwall and Devon and 
represent tholeiitic lavas, moderate Zr/Nb ratios from rocks of south and west 
Cornwall are intermediate between enriched-MORB (mid-ocean ridge basalt) 
and intracrustal basalt and the low Zr/Nb ratio group found within the south 
Cornwall mélange and Devon are alkali basalts (Floyd, 1984; Floyd et al., 
1993).  A study also using Zr/Nb ratios theorises that Devonian mafic rocks in 
central Cornwall have MORB rather than intraplate basalt signals (Chandler and 
Isaac, 1982).  The geochemical variation across a small area is possible due to 
the juxtaposition of thrust nappes (Floyd et al., 1993).  Devonian ultramafic 
rocks are rare but outcrop at Polyphant and Clicker Tor.  Although the primary 
mineral assemblages are obscured by metamorphism, relict primary minerals 
include olivine, spinel, biotite and amphibole.  
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Figure 2.3.  Distribution of mafic and ultramafic rocks in SW England relative to the metasedimentary rocks and granites.  The Crediton 
Graben hosts the Exeter Volcanic Group, shown in the inset.  The volumetrically small Pendennis and Mawnan lamprophyres are 
indicated in south Cornwall.  Summarised from British Geological Survey map data © Crown Copyright 2014.  An Ordnance Survey 
/EDINA supplied service. 
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2.2.2. Carboniferous and Permian 
Carboniferous and Permian mafic igneous activity is represented by the 
occurrence of lamprophyric and basaltic rocks.  Lower Permian lamprophyres 
crop out in a range of locations including Towan Head (Newquay), Mawnan 
Smith, Pendennis Point and Killerton.  Around Exeter, the term “Exeter Volcanic 
Rocks” is used to group a number of lamprophyre and high-K basalt 
occurrences that are hosted by the Permian sedimentary rocks in the Crediton 
Graben.  Lateritic weathering has affected all of the exposures with dolomite 
veining and clay infill of vesicles common (Edwards and Scrivener, 1999).  
Several rock names are given to these occurrences including trachybasalt, 
olivine minette, minette, kersantite and olivine basalt (Figure 2.4).  
 
Figure 2.4.  Total alkali vs. silica diagram showing the compositional variation of Carboniferous 
and Permian mafic and ultramafic rocks in the study area.  Subdivided by previously given rock 
name.  TB = Trachybasalt; BTA = Basaltic trachyandesite.  Data from Cosgrove and Elliot 
(1976); Hall (1982); Leat et al. (1987); Fortey (1992). 
The mineralogy of the lamprophyres is variable but typically phenocrysts of 
phlogopite ± olivine ± apatite ± pyroxene are found within a groundmass of 
alkali feldspar, biotite, magnetite and apatite (Fortey, 1991).  Most extrusive and 
intrusive lamprophyres are classed as minettes (biotite, alkali feldspar > 
plagioclase) (Hall, 1982) with the exception of the lamprophyre at Fremington, 
North Devon, which is classified as a kersantite (biotite, plagioclase > alkali 
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feldspar) (Hawkes, 1985).  Both minettes and kersantites can be classified as 
calc-alkaline volcanic/hypabyssal lamprophyres (Rock, 1991). 
The high-K basalts of the Exeter Volcanic Group also have a variable alteration.  
Most are olivine basalts with iddingsite replacement of olivine, with rare 
outcrops classified as olivine microgabbros (Edwards and Scrivener, 1999).  
The groundmass typically consists of plagioclase, ilmenite and augite.  Quartz 
and plagioclase xenocrysts are widespread, along with secondary iron oxides, 
calcite and chlorite (Fortey, 1991).  
The mafic volcanics show large ion lithophile element (LILE) enrichment up to 
500-1000 times the primordial mantle values with depletion of high field strength 
element (HFSE) (Ta and Nb) in relation to LILE and isotope data plot close to 
the mantle array (Figure 2.5) (Hall, 1982; Thorpe et al., 1986; Thorpe, 1987; 
Fortey, 1992).  Rare earth element (REE) data show gentle slopes with 
significant light rare earth element (LREE) enrichment for the minettes (Thorpe 
et al., 1986).  Overall, geochemical data are interpreted as showing that the 
mafic rocks are the product of partial melting of LILE-enriched mantle with LILE 
enrichment occurring due to shallow or oblique subduction of oceanic 
lithosphere (Thorpe, 1987) despite the region occupying lower plate position 
during convergence (Shail and Leveridge, 2009).  Another study viewed 
subduction as an important control but suggested the source was ultimately the 
asthenosphere (Leat et al., 1987).  It is suggested that minette lamprophyres 
can form through hybridisation of mafic and felsic magmas although this has not 
been demonstrated in the study area (Prelevic et al., 2004). 
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Figure 2.5.  Primordial mantle normalised multi element plots for basalts and minettes.  
Normalising values of McDonough and Sun (1995).  Grey area represents range of values, solid 
line the average.  Data from: Cosgrove (1972); Hall (19822); Thorpe et al. (1986); Leat et al 
(1987); Fortey (1992). 
Dating of the mafic volcanic rocks within the region shows that the 
lamprophyres are broadly contemporaneous with the oldest granites 
(Hemerdon, Bodmin, Carnmenellis) and the basalts of the Exeter Volcanic 
Rocks (Edwards and Scrivener, 1999) (Figure 2.6).   
 
Figure 2.6.  Summary of radiometric dates for mafic rocks in the study area.  The oldest granite 
(Hemerdon) is also shown for comparison.  Error bars are ± 2σ.  References: (1) Edwards and 
Scrivener (1999); (2) Roberts (1997); (3) Rundle (1976) in Edwards and Scrivener (1999); (4) 
Rundle (1981) in Edwards and Scrivener (1999); (5) Chesley et al. (1993). 
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The relationship between the coeval lamprophyres and granites is difficult to 
ascertain as they are never observed in contact.  Crustal melting may have 
formed a barrier to intrusion of mantle-derived melts, particularly in west Devon 
and Cornwall with melts incorporated into the lower crust as sills.  The late 
Carboniferous to Early Permian thermal evolution of the lithosphere has been 
controlled by Variscan convergence and collision followed by extensional 
reactivation of the suture zone.  Crustal melting is intrinsically linked with 
thickening of an already warm lithosphere during collision and intrusion of 
mantle-derived melts into hot continental crust. 
THE CORNUBIAN BATHOLITH 
The Cornubian Batholith and associated felsic extrusive rocks extend over 200 
km from Dartmoor in the east to the Isles of Scilly in the west with a width of up 
to 80 km (Jones et al., 1988; Willis-Richards and Jackson, 1989).  The zone is 
ENE-WSW trending and is immediately NW of the Rhenohercynian suture with 
the eastern limit defined by the Sticklepath-Lustleigh Fault Zone.  The 
Cornubian Batholith is exposed by a series of major plutons which from east to 
west are the Dartmoor, Bodmin, St. Austell, Carnmenellis, Tregonning-
Godolphin, Land’s End and Isles of Scilly Plutons.  There are also several minor 
plutons including St. Agnes, Carn Brea, Kit Hill, Cligga and St. Michael’s Mount 
(see Figure 2.7).  Research on the granites is confined to the top of the batholith 
although the deepest parts of South Crofty Mine (~900 m) and the Hot Dry 
Rocks borehole (~2500 m) were still within the Carnmenellis Granite (Edmunds 
et al., 1988). 
The batholith hosts aplite, pegmatite, rhyolite, quartz porphyry, and quartz 
tourmaline rock (QTR).  Pegmatites are found in numerous locations and are 
usually associated with aplite occurring at the edges of plutons or within plutons 
forming pegmatitic cavities or lenses.  Megiliggar Rocks, in the roof zone of the 
Tregonning Granite, has layered pegmatite-aplite-tourmaline rocks (Stone, 
1992).  Quartz porphyry dykes, known as elvans, crosscut granites and country 
rock and occasionally contain inclusions of these rocks within them (Willis-
Richards and Jackson, 1989; Alexander and Shail, 1995).  The elvans are steep 
dykes up to 30 m thick (Willis-Richards and Jackson, 1989).  Rhyolite lava flows 
are rare, but outcrop on the Rame Peninsula as part of the Kingsand Rhyolite 
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Formation.  This particular lava flow contains flow banding and lies 
unconformably on the Devonian sedimentary rocks (Floyd et al., 1993). 
2.3. Geophysics 
Extensive geophysical studies extending from the 1950s (Bott et al., 1958) up to 
the 21st century (Taylor, 2007) have determined that the plutons are all 
connected at depth confirming De La Beche’s theory from the 19th century (De 
La Beche, 1839).  Geophysical studies have encompassed several different 
methods including gravity surveys, seismic refraction surveys and more recently 
radiometric and magnetic surveys were carried out by the British Geological 
Survey’s Tellus Project (British Geological Survey, 2014). 
The extent of the Cornubian Batholith is demonstrated by negative Bouger 
gravity anomalies occurring across the study area with the exposed plutons 
connected by ridges of granite at depth (Bott et al., 1958; Bott and Scott, 1964; 
Edwards, 1984b).  Further sea-borne gravity measurements in the 1960s found 
that the gravity low extends in a south-westerly direction from Land’s End 
continuing to within 50 km of the continental shelf edge (Day and Williams, 
1970).  Gravity data are further utilised to estimate the thickness of the batholith 
taking into account the difference between the granite Bouger anomalies 
relative to the rest of the region.  An estimation by Willis-Richards and Jackson 
(1989) put the total volume of the batholith at 68,000 km3 although estimates 
using a lower density contrast result in markedly thinner plutons (Taylor, 2007).  
The additional thickness postulated by Willis-Richards and Jackson (1989) was 
believed by Taylor (2007) to represent possible feeder zones for individual 
plutons. 
Seismic refraction surveys conducted during the 1980s indicated the presence 
of three crustal reflectors, R1, R2 and R3.  R1, occurring at 8 km depth, was 
interpreted to be an interior reflection zone within the batholith, R2 at 10-15 km, 
the base of the batholith and R3, at 27-30 km, the base of the crust (Warner et 
al., 1994).  The R1 reflector has been interpreted as a zone of accumulated 
stoped blocks (Brooks et al., 1984).   
Geophysical studies have further tried to clarify the form of the batholith.  Earlier 
studies favour a trapezoidal shape with the margins of the batholith dipping 
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steeply outward with a gently southward dipping base 10-12 km beneath the 
surface (Bott et al., 1958; Tombs, 1977; Willis-Richards and Jackson, 1989).  A 
study in 2007 carried out by various gravity modelling concluded that the 
batholith was tabular in shape (Taylor, 2007).   
2.4. Mode of occurrence 
The granites and associated felsic rocks were intruded into or erupted onto the 
Devonian and Carboniferous metasedimentary rocks discussed in Section 2.1.  
The relationship between the plutons and D3 deformation indicate that the 
granites intruded after D3 extension occurred.  Field exposures show that D3 
structures within the metasedimentary rocks are often crosscut by granites 
(Alexander and Shail, 1995; Hughes et al., 2009) contradicting earlier studies 
that attributed D3 and associated S3 and F3 to granite intrusion (e.g. Rattey 
and Sanderson, 1984).  It is also noted that granite-hosted country rock 
xenoliths show D3 structures (e.g. Exley and Stone, 1982) 
Spotted hornfels, tourmalinised slates and garnet-pyroxene-amphibole skarns 
are developed in rocks adjacent to granite (Chesley et al., 1993).  Contact 
metamorphism of the sedimentary rocks typically results in an andalusite + 
cordierite + biotite spotted hornfels.  Contact metamorphosed metabasites form 
one of three hornfels types: anthophyllite + cummingtonite + cordierite, diopside 
+ grossularite + edpidote or biotite spotted hornfels (Floyd, 1965).   
A feature at the contact between the country rocks and granite is the presence 
of granite sills and dykes that can be traced from their originating granite into 
the country rock.  Best described are the aplite sills at Megiliggar (Stone, 1969; 
1975; 1992) and various exposures around the Land’s End Granite including 
Porthmeor and Porth Ledden (e.g. Müller et al., 2006a).  The sills at Megiliggar 
possess pegmatite-tourmaline-aplite-leucogranite layers. 
A number of studies and geological surveys describe the contacts between the 
various granite types and other felsic rocks within the batholith, illustrating the 
composite nature of the batholith.  Within the Land’s End Granite, contacts 
between coarse-grained and medium-grained biotite granites are described as 
planar, protrusive, gradational, sinuous, cryptic and sharp (Powell et al., 1999; 
Salmon and Shail, 1999; Müller et al., 2006a) Within the St. Austell Granite 
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similar contacts are seen between the various granite types (Manning and 
Exley, 1984; Floyd et al., 1993; Manning et al., 1996).  Despite these variations 
in internal contacts, intra-granite contacts are typically sharp and defined by 
ENE-WSW trending faults or jointing. 
2.5. Mineralogy and textures 
A range of different studies detail the textural and mineralogical variations of the 
exposed plutons.  Field classifications of the granites, supported in part by 
geochemical variation, focus on the textural features of the granites and the 
occurrence of biotite or tourmaline as the dominant ferromagnesian mineral.   
Studies during the 1920s and 1930s focussed on the grainsize and phenocryst 
variations within individual plutons (e.g. Osman, 1928; Brammall and Harwood, 
1932; Ghosh, 1934) and these studies were later modified by Exley & Stone 
(1964, 1982) with the introduction of biotite, lithionite and fluorite mineralogical 
subdivisions forming granite types A to F.  Further revisions during the 1980s by 
Dangerfield and Hawkes (1981) added a textural classification with seven 
subdivisions according to grain size and size and abundance of alkali feldspar 
phenocrysts.  The tourmaline granite subdivision was defined by Hill and 
Manning (1987) and refined by Manning et al. (1996).  In the St. Austell Granite 
studies, fluorite granite (Type F of Exley & Stone, 1964) was determined to be 
an alteration product attributed to the breakdown of lithium-mica and topaz 
within the lithium-mica granite and mobilisation of F due to hydrothermal fluids 
(Manning and Exley, 1984; Manning et al., 1996).  The Type A basic 
microgranites of Exley & Stone (1964, 1982) are better recognised as igneous 
enclaves (Stimac et al., 1995).  Biotite granites, corresponding to type B of 
Exley & Stone (1964), are the dominant exposed granite type, accounting for 
approximately 90% near-surface exposure of the batholith.  Tourmaline granites 
(Type D) account for approximately 7% and topaz granites (Type E) the 
remainder (Figure 2.7; Table 2.1).  
The study area has numerous, volumetrically small outcrops of aplite and 
pegmatite.  The mineralogy and textures of the aplites show limited variations 
from fine-grained granite and they are equigranular containing anhedral quartz 
and alkali feldspar with subhedral to euhedral plagioclase, biotite group 
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minerals and muscovite (Henderson and Martin, 1989; Stone and Exley, 1989).  
Pegmatites typically outcrop with aplite, the exception being the pegmatites at 
Tresayes and Halvasso (see Jackson, 1978).  Their mineralogy is similar to 
topaz granites, with Li-rich micas and tourmaline, unidirectional solidification 
texture (UST) comb-like alkali feldspars, plagioclase and quartz with accessory 
minerals such as apatite, cassiterite and topaz (Hosking, 1954; Badham and 
Stanworth, 1976). 
Quartz tourmaline rock and tourmaline topaz rock (TTR) are described from 
Roche Rock, St Mewan Beacon (St. Austell Granite) and Porth Ledden (Land’s 
End Granite).  Exposures are fine- to coarse-grained, consisting of equigranular 
subhedral to euhedral tourmaline ± quartz ± topaz.  Detailed descriptions can 
be found in Manning (1981), Williamson et al. (2000) and Müller et al. (2006a). 
Rhyolite sheets and rhyolite lavas contain euhedral alkali feldspar phenocrysts 
in a very fine-grained quartz, plagioclase, alkali feldspar, biotite and muscovite 
groundmass with occasional euhedral cordierite phenocrysts (Hawkes et al., 
1975; Jefferies, 1988).  Rhyolite sheets that contain quartz phenocrysts as well 
as alkali feldspar phenocrysts are termed elvans.  The Kingsand rhyolite lavas 
have a cryptocrystalline groundmass but are texturally and mineralogically 
similar to the rhyolite sheets (Cosgrove and Elliot, 1976). 
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Table 2.1.  Mineralogical and textural characteristics of biotite, tourmaline and topaz granites.  Summarised from: Exley and Stone (1964, 1982); Stone 
(1975); Dangerfield and Hawkes (1981); Manning et al. (1996); Müller et al. (2006a).  
 Biotite Tourmaline Topaz 
Exley & Stone classification Type B,  C Type D Type E 
Dangerfield & Hawkes classification Type 1, 2, 3, 4, 6, 7 Type 1, 2, 3, 4, 6, 7 Type 5 
Texture 
Fine- (<1 mm)  to coarse-grained (> 2 
mm), variable size and abundance of 
alkali feldspar phenocrysts. 
Globular quartz, Li-mica and 
equigranular subdivisions. Fine- (<1 
mm) to coarse-grained (> 2 mm). 
Fine- (<1 mm) to medium-grained (1-2 
mm), equigranular. 
K-feldspar 
Euhedral (tabular) to subhedral, 
microperthitic, 20-35%. 
Euhedral to subhedral, microperthitic, 
~22%. 
Subhedral, microperthitic, ~20%. 
Plagioclase 
Euhedral to subhedral, often zoned 
(An>15) ~20%. 
Euhedral to subhedral, unzoned, almost 
pure albite (An2-7), ~25%. 
Euhedral, unzoned, almost pure albite 
(An2-4), ~30%. 
Quartz 
Anhedral, single or aggregate grains, 
strained in older plutons, 30-40%. 
Anhedral, single or aggregate grains, 
rounded aggregates in globular quartz 
textural subdivision, ~33%. 
Anhedral, aggregates rare, occasional 
radial inclusions, ~30%. 
Biotite 
Mg-siderophyllite, siderophyllite or  
Li-siderophyllite, variable form and 
occurrence, 2-10%. 
Li-siderophyllite or ferroan polylithionite, 
variable form and occurrence, 2-7%. 
Ferroan polylithionite or polylithionite,  
5-10%. 
Muscovite 
Anhedral to subhedral, variable 
occurrence between plutons, 1-7%. 
Accessory. Accessory. 
Tourmaline 
Anhedral to euhedral, brown schorl, 
concentric zoning and intergrowth with 
quartz common, <1.5%. 
Anhedral to euhedral, brown schorl, 
concentric zoning, variable Li content, 
>1.5%. 
Anhedral to euhedral, brown zoned 
schorl, occasional Li enrichment to form 
elbaite, up to 2%. 
Accessory minerals 
Cordierite (up to 1%), zircon, monazite, 
apatite, rutile, andalusite, sulphides, 
ilmenite, garnet, uraninite, fluorite. 
Rutile (Nb-rich), zircon, apatite, topaz, 
fluorite, monazite. 
Topaz (up to 3%), rutile (Nb-rich), 
apatite, amblygonite, columbite-
tantalite, fluorite. 
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Figure 2.7.  The range of different granite types across the study area.  Map data summarised from Dangerfield and Hawkes (1981); Charoy (1986); 
Manning et al. (1996); Müller et al. (2006a) and British Geological Survey mapping.  © Crown Copyright 2014.  An Ordnance Survey / EDINA supplied 
service. 
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The following mineral descriptions are summarised from the numerous 
petrological studies of the different plutons and granite types.  Petrological 
studies extend from the Geological Survey Memoirs of the early 20th Century 
(e.g. Reid and Flett, 1907), through a series of papers in the 1920s and 1930s 
(e.g. Ghosh, 1927; Osman, 1928) until the present day (e.g. Charoy, 1986; 
Exley and Stone, 1964, Manning et al., 1996; Müller et al., 2006a).  
2.5.1. Quartz 
Quartz is anhedral and a late stage magmatic ground mass mineral in all 
granite types, apart from the globular quartz tourmaline granite (e.g. Charoy, 
1986; Stone, 1975).  Polycrystalline aggregates of quartz with numerous 
inclusions of white mica are widespread in the globular quartz tourmaline 
granites (Manning et al. 1996).  Glomeroporphyric textures are described in 
fine-grained stocks, such as Castle-an-Dinas (Land’s End Granite), where there 
is also evidence for multiple stages of quartz growth (Salmon and Powell, 
1998). 
2.5.2. Plagioclase 
Plagioclase is subhedral to euhedral with polysynthetic twinning.  The anorthite 
content reduces from core to rim within biotite granites (Stimac et al., 1995) with 
plagioclase in tourmaline granites having a low anorthite content (An<20) (Müller 
et al., 2006a) and the topaz granites containing almost pure albite (An<5) 
(Stone, 1984).  Intergrowths of plagioclase and quartz forming myrmekitic 
textures are described in the Carnmenellis and Bodmin granites (Ghosh, 1927, 
1934). 
2.5.3. Alkali feldspar 
Subhedral to anhedral groundmass grains and subhedral to euhedral 
phenocrysts of alkali feldspar are in all granite types.  Early studies believed 
that they were purely magmatic in origin (Ghosh, 1934) whereas later studies 
believed that potassium metasomatism was responsible for the development of 
the large feldspars by recrystallization of aplitic material (Stone and Austin, 
1961; Exley and Stone, 1964; Booth, 1968).  More recent studies conclude that 
the phenocrysts are primary igneous features that were not formed by 
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metasomatism, consistent with the earliest study mentioned above (Leveridge 
et al., 1990).  Strontium, Ba and Rb all show variation from core to rim of 
phenocrysts consistent with crystallisation in an evolving melt as opposed to 
metasomatic alteration (Müller et al., 2008).  The Land’s End and Carnmenellis 
granites have radial inclusions of plagioclase and biotite within phenocrysts and 
Rapakivi feldspars with these interpreted to represent influx of melt and new 
plagioclase growth (Charoy 1986; Salmon and Powell, 1998; Müller et al., 
2006a). 
2.5.4. Biotite group minerals 
All granite types have biotite group minerals, but they are the subordinate 
ferromagnesian mineral to tourmaline in tourmaline granites.  Occurrence is 
either as discrete subhedral to euhedral crystals or variable grain size or within 
aggregates with muscovite, feldspars and andalusite (Brammall and Harwood, 
1932; Exley and Stone, 1964; Cobbing and Clarke, 2006).  These aggregates 
are described as restite-like clots inherited from the source zone (Charoy, 
1986).  Both individual and aggregate grains contain numerous inclusions of 
zircon, rutile and apatite.  Studies on biotite group mineral chemistry established 
a range of compositions with siderophyllites broadly occurring within the biotite 
granites (e.g. Figure 6.1) and more Li rich varieties such as ferroan polylithionite 
(zinnwaldite) occurring within tourmaline and topaz granites (Stone et al., 1988; 
Henderson and Martin, 1989; Stone, 1984; 1992; Müller et al., 2006a). 
2.5.5. Muscovite mica 
Muscovite micas have variable forms from discrete subhedral grains within all 
biotite granite types to alteration products of feldspars, andalusite and cordierite 
and as overgrowths on biotite group minerals (e.g. Wilson and Long, 1983; 
Manning et al., 1996).  The ratio of muscovite to biotite is highly variable across 
the batholith with the fine-grained and small phenocryst biotite granites showing 
increased muscovite relative to biotite.  
Several authors have concluded that muscovite is a late forming mineral in the 
crystallisation sequence possibly continuing under subsolidus conditions 
(Charoy, 1986; Knox and Jackson, 1990; Chappell and Hine, 2006).  Muscovite 
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within the topaz granites shows higher Fe, Rb and F than muscovite found 
within biotite granites (Stone, 1992).  
2.5.6. Tourmaline 
Tourmaline is a subhedral to euhedral disseminated mineral within biotite 
granite and topaz granites and is the dominant ferromagnesian mineral within 
tourmaline granites.  The coarse-grained porphyritic biotite granites of the 
Land’s End and Dartmoor granites also have quartz-tourmaline orbicules and 
tourmaline aggregates.  In all three granite types, tourmaline is faintly zoned 
brown schorl, occasionally elbaite in topaz granites, and is interpreted to be of 
late-stage magmatic origin relative to the blue schorl tourmaline of hydrothermal 
veins (Manning, 1991; London and Manning, 1995).  The magmatic origin of the 
tourmaline has been debated with previous authors arguing for a magmatic-
hydrothermal origin for the brown tourmaline, with the blue tourmaline forming 
due to continued mixing with meteoric waters (Williamson et al., 2000, 2010) 
Aggregate and orbicule tourmalines have the same composition as magmatic 
tourmaline and recent isotope studies confirm that the B isotopes within the 
tourmalines within the granites and orbicules are of magmatic origin (Drivenes 
et al., 2014).  A previous study concluded that these aggregates probably 
formed from hydrous B-rich fluids that were immiscible with residual melt left 
after granite formation (Charoy, 1981). 
2.5.7. Accessory minerals 
Accessory minerals in the Cornubian granites range from disseminated 
magmatic sulphides to garnets and several studies have aimed to identify and 
describe minerals of interest (Brammal and Harwood, 1923; Chatterjee, 1929; 
Alderton, 1988).  REE-bearing minerals such as monazite (Jefferies, 1985) and 
minerals of economic importance such as columbite-tantalite (Scott et al., 1998) 
have the most mineral analyses, most likely due to their economic importance.  
Topaz granites have more unusual accessory minerals such as amblygonite 
(Stone and George, 1978).  Topaz, white mica, fluorite, tourmaline and chlorite 
have all been described as secondary alteration minerals, typically replacing 
biotite group minerals and / or feldspars (Alderton et al., 1980; Williamson et al., 
1997). 
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2.6. Enclaves 
Enclaves within the different granites can be subdivided on their mineralogy.  
Non-igneous enclaves (NIE) have a variable mineralogy containing biotite + 
cordierite + aluminosilicates + feldspar ± muscovite ± quartz ± corundum ± 
spinel ± apatite ± magnetite (Brammal and Harwood, 1923; Ghosh, 1934; 
Stimac et al., 1995) and are described from all plutons.  NIE were originally 
thought to have been derived from the country rock with studies in the 1980s 
postulating their origin as restite material (Charoy, 1986; Edmunds et al., 1988).  
Stimac et al. (1995) concluded that any NIE containing sillimanite +/- spinel 
represented restite material, or were derived from intermediate depths between 
source and emplacement, whereas all other NIE were derived from the 
metamorphic aureole. 
The younger St. Austell and Dartmoor plutons have microgranular mafic or 
igneous enclaves (MME) containing biotite + sodic plagioclase + quartz + 
ilmenite + K-feldspar.  Early descriptions termed these MME “basic 
microgranites” and they correspond to the Type A granites of Exley & Stone 
(1964).  MEE are interpreted as fragments of hybrid magmas produced by 
mixing of biotite granite and an unknown mafic magma and are used as 
evidence for an increased mantle contribution to the granites with time (Stimac 
et al., 1995). 
2.7. Fabrics 
Fabrics within the granites can be subdivided into magmatic state fabrics and 
solid state fabrics.  The Isles of Scilly, Land’s End, Carnmenellis and Dartmoor 
plutons have magmatic state fabrics, in the form of aligned minerals, particularly 
feldspars (e.g. Osman, 1928; Ghosh, 1934).  The alignment is thought to 
represent magma flow directions but the recognition of eddy-like patterns also 
implies convection (Vernon, 1986; Leveridge et al., 1990).  These fabrics are 
found within all plutons but are particularly noticeable around the coastal 
exposures of the Land’s End Granite.   
Older plutons (Carnmenellis, Bodmin, Isles of Scilly) show evidence for SSE-
trending solid state fabrics (mica kinking, quartz recrystallization) indicating that 
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extension was contemporaneous with granite emplacement (Ghosh, 1934).  
These lineation fabrics generally trend NW-SE consistent with faulting within the 
region (Kratinova et al., 2003).  It is likely that these faults have in part 
controlled emplacement of granites (e.g. Alexander and Shail, 1995).   
2.8. Geochronology 
Radiometric age dating has shown that the plutons were intruded over 25 Ma 
(Figure 2.8).  Chesley et al. (1993) and Chen et al. (1993) determined the 
cooling rates of the plutons with 40Ar / 39Ar dating of muscovite showing 
protracted cooling rates of over 5 Ma.  
Figure 2.8.  Radiometric dates for the Cornubian Batholith ± 2σ.  Blue – Pb-Pb whole rock; Red 
– U-Pb monazite; Green – U-Pb xenotime; Orange – Ar-Ar muscovite. CGG- coarse-grained 
granite; FGG- fine-grained granite.  References (1) Chesley et al. (1993); (2) Chen et al. (1993) 
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2.9. Geochemistry 
There is a wealth of major element data for the Cornubian Batholith with 
geochemical data reported from 1875 (Phillips, 1875) until the present day 
(Chappell and Hine, 2006).  These studies have predominantly centred around 
the biotite granites in the region (e.g. Brammall and Harwood, 1932; Darbyshire 
and Shepherd 1985; Jefferies, 1988; Ward et al., 1992) with dedicated studies 
centred on the topaz granites of the Tregonning Pluton (Stone, 1975; 1992) and 
the tourmaline granites of the St. Austell Pluton (Hill and Manning, 1987; 
Manning et al., 1996). 
2.9.1. Major element geochemistry 
Overall the batholith is peraluminous, with typical A/CNK 
(Al2O3/CaO+Na2O+K2O) values for biotite, tourmaline and topaz granites 
varying between 1 and 1.9 (Figure 2.9a).  Samples from ~2000 m depth taken 
during drilling at the Hot Dry Rocks project have a different geochemistry 
compared to the surface expression of the batholith and plot as metaluminous 
on the A/CNK vs. A/NK diagram (Bromley et al. 1989).  K2O/Na2O ratios are 
typically high (average 1.3-2.6 for all granite types) and average SiO2 contents 
are approximately 72% for biotite and topaz granites and 75% for tourmaline 
granites.  Overall, the geochemical characteristics are consistent with the S-
type classification of Chappell and White (2001) and plot within the syn-
collisional field on the tectonic discrimination diagram of Pearce et al. (1984) 
although this field was partially defined using samples from the Cornubian 
Batholith (Figure 2.9b). 
On bivariate element diagrams, the femic elements (TiO2, Fe2O3 and MgO), 
CaO and Al2O3 decrease with increasing SiO2 (Figure 2.10a-c) with a 
continuum between biotite and tourmaline granites.  The coarse-grained 
porphyritic biotite granites of the Land’s End and Dartmoor plutons trend 
towards higher femic contents also reflected in their higher modal abundance of 
biotite.  K2O vs. Na2O also shows a steady decline through biotite to tourmaline 
and topaz granites (Figure 2.10d). 
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Figure 2.9.  Discrimination diagrams for granitic rocks.  (a) A/CNK vs. A/NK discrimination 
diagram demonstrating the peraluminous nature of the Cornubian Batholith.  (b) Rb vs. Y+Nb 
tectonic discrimination diagram (after Pearce et al., 1984).  
2.9.2. Minor and trace element geochemistry 
The biotite granites are enriched in minor elements such as As, B, Be, Cl, F, 
Ga, Li, Pb, Rn, Sn, Ta, U and Zn relative to S-type granites elsewhere in the 
world (Willis-Richards and Jackson, 1989; Chappell and Hine, 2006).  The 
tourmaline granites are enriched in F, B and Li compared to other granite types 
due to increased tourmaline and incorporation of Li into Li-rich micas (Stone et 
al., 1988; Manning, 1991; Manning et al., 1996).  The batholith as a whole is 
also enriched in Rb, P and K compared to other S-type granites and this higher 
Rb and lower Sr and Ba compared to other granites has been attributed to 
fractionation of the feldspars (Chappell and Hine, 2006) with high P expected in 
peraluminous melts that undergo fractional crystallisation (Wolf and London, 
1994).   
Rb, Sr, Ba, Nb, Zr and Ga have all been successfully used to geochemically 
distinguish between biotite, tourmaline and topaz granites.  Using Sr, Rb and 
Ba, there is a geochemical continuum between biotite and tourmaline granites 
whereas the topaz granites plot their own trends (Figure 2.10e-f).  Niobium vs. 
Ga and Zr vs. Nb plots are utilised  by Bromley et al. (1989) and Manning et al. 
(1996), with the biotite and tourmaline granites again displaying a geochemical 
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continuum with the topaz granites plotting in a distinct field (Figure 2.10g-h).  
This geochemical classification can be attributed to a variation in mica 
chemistry and the presence of a continuum between the tourmaline and biotite 
granites which is controlled by the micas (Henderson and Martin, 1989; Stone, 
2000a,b). 
2.9.3. Rare earth element geochemistry 
Rare earth element (REE) data are published in several studies from the 1980s 
onwards (Alderton et al., 1980; Darbyshire and Shepherd, 1985; Chappell and 
Hine, 2006) although coverage of the entire suite of REE is variable.  A study by 
Jefferies (1985) determined that REE are dominantly hosted by accessory 
minerals such as monazite, apatite and zircon.  REE patterns for the biotite 
granites are steep (LREE enriched) when values are chondrite normalised, with 
steeper profiles found in the older plutons (Figure 2.11a-e) (Darbyshire and 
Shepherd, 1985; Charoy, 1986; Stone and Exley, 1989; Stone, 1992; Müller et 
al., 2006a).  The negative Eu anomaly (Chondrite normalised Eu / 
[0.5*(chondrite normalised Sm + chondrite normalised Gd)]) within REE profiles 
is attributed to Eu being incorporated within feldspar crystals with marked 
differences in the magnitude of this anomaly between the older and younger 
granites with the Land’s End and Dartmoor Granites (Darbyshire and Shepherd, 
1985; Chappell and Hine, 2006).  Tourmaline granites show lower overall total 
REE and stronger Eu anomalies (Figure 2.11f).  The topaz granites have a 
lower abundance of REE and display gentle or flat profiles (Figure 2.11g).  
Elvans and the Kingsand Rhyolite have similar REE patterns to the biotite 
granites (Floyd et al., 1993). 
 
 
53 
  
54 
Figure 2.10 Major and trace element geochemical plots.  (a) SiO2 vs. TiO2.  (b) SiO2 vs. Al2O3.  
(c) SiO2 vs. CaO.  (d) Na2O vs. K2O.  (e) Rb vs. Sr. (f) Ba vs. Sr. (g) Nb vs. Ga. (h) Zr vs. Nb 
classification plot of Bromley et al (1989).  Data summarised from: Phillips (1875); Ghosh (1927, 
1934); Brammall and Harwood (1932); Exley (1958, 1996); Hall (1970, 1971); Hawkes et al. 
(1975); Stone (1975, 1987, 1992, 2000a,b); Cosgrove and Elliot (1976); Al-Saleh et al. (1977); 
Moore (1977); Stone and George (1977); Al-Turki and Stone (1978); Lister (1979); Alderton et 
al. (1980); Badham (1980); Alderton and Moore (1981); Manning (1981); Ball and Basham 
(1984); Watson et al. (1984); Darbyshire and Shepherd (1985, 1987); Charoy (1986); Booth and 
Exley (1987); Hill and Manning (1987); Jefferies (1988); Stone and Exley (1989); Leveridge et 
al. (1990); Manning and Hill (1990); Martel et al. (1990); Richards et al. (1992); Ward et al. 
(1992); Floyd et al. (1993); Stimac et al. (1995); Manning et al. (1996); Weidner and Martin 
(1997); Selwood et al. (1998); Edwards and Scrivenor (1999); Chappell and Hine (2006); Müller 
et al. (2006a). 
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Figure 2.11.  Chondrite normalised REE (+Y) 
plots for selected granite types. Black line 
indicates mean with shaded areas the range of 
values across the studies.  (a) Land’s End biotite 
granites.  (b) Carnmenellis biotite granites.   
(c)  St. Austell biotite granites.  (d) Bodmin biotite 
granites.  (e) Dartmoor biotite granites.  
(f) Tourmaline granites.  (g) Topaz granites.  
Data summarised from Alderton et al. (1980); 
Watson et al. (1984); Charoy (1986); Darbyshire 
and Shepherd (1987); Jefferies, (1988); Stone 
(1992); Ward et al. (1992); Stimac et al. (1995); 
Chappell and Hine (2006); Müller et al. (2006a 
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2.9.4. Isotopes and fluid inclusions 
δ18O values for the granites range from +10.8 - +13.2% indicating melting of, 
assimilation and/or exchange with argillaceous-rich metasediments at depth 
(Sheppard, 1977).  86Sr/87Sr isotope ratios for the major biotite granite plutons 
range from 0.710 – 0.716 which is consistent with the majority of other S-type 
granites from a dominantly crustal source (Darbyshire and Shepherd, 1985; 
Chappell and White, 2001).  ƐNd values range from -4.7 to -7.1 for the major 
plutons, -6.4 to -7.8 for elvans and -8 to -11 for the country rocks (Darbyshire 
and Shepherd, 1994).  The ƐNd values vary between the granite plutons but 
overall variation within the individual plutons is minimal.  The difference 
between the granite and country rock ƐNd values implies that the country rock 
has not been a significant source or contaminant of the granites (Darbyshire 
and Shepherd, 1994).   
Fluid inclusions studies of the granites are limited, with authors preferring to 
focus on the characteristics of the mineralisation in the region.  However, fluid 
inclusions are numerous, particularly in quartz and can be subdivided into six 
different populations.  There is a marked variation in the abundance of the 
different fluid inclusion types between the older and younger granites (Rankin 
and Alderton, 1983).  The populations are highly variable with Th < 70°C to > 
550°C, and NaCl 0-50 wt. % (Rankin and Alderton, 1985). 
Müller et al. (2006b) analysed melt inclusions (MIs) in the Land’s End Granite 
using Raman spectroscopy finding different populations.  The majority of the 
MIs contained 1.5-5.5 wt.% H2O but several contained a hypersaline MIs with 
up to 38.6 wt.% H2O, both were enriched in B.  The consistency of the lower wt. 
% H2O range is thought to show that there is no mixing with any mafic melts 
with the hypersaline fluid representing an oversaturation in volatiles and 
immiscible saline fluid.  
2.10. Petrogenesis and emplacement 
Emplacement of the batholith occurred immediately following Variscan 
convergence, when the region was undergoing lithospheric extension (Shail and 
Wilkinson, 1994).  This extension would have resulted in thinning and upwelling 
of mantle-derived melts, intruding into an already hot crust causing melting in 
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the lower crust and generation of granitic melts.  The emplacement of the 
Cornubian Batholith was previously attributed to diapiric rise (e.g. Shackleton et 
al., 1982; Edwards, 1984a).  Sheet emplacement of individual magma batches 
which accumulate to form a batholith is now the preferred theory for granite 
emplacement (e.g. Annen, 2011).  In SW England, the magma batches were 
probably transported along NW-SE trending faults and emplaced as individual 
sills (Pownall et al., 2012).  The space required for batholith emplacement has 
been attributed to stoping with evidence for stoping including the presence of 
country rock xenoliths (Exley and Stone, 1964; Badham, 1980; Shackleton et 
al., 1982; Rattey and Sanderson, 1984; Pitcher, 1997). 
The role of mantle-derived melts in the different granite types has been debated 
for many years.  Theories that range from the mantle-derived melts only 
contributing heat, which aided melting of crustal rocks, to granite derived solely 
from the mantle melts themselves.  The presence of mafic enclaves and isotope 
data do imply at some hybridisation between mafic and felsic melts.  Without 
hybridisation, ƐNd isotope data would be more negative (i.e. towards the 
sedimentary rock values, presuming these data represent an equivalent crustal 
source) and mafic enclaves would not exist (Darbyshire and Shepherd, 1994; 
Stimac et al., 1995).  Contemporaneous mafic magmatism in the same region 
as the granites also points towards a mantle contribution.  The mantle 
contribution of metal content is unknown but He isotope studies recognise a 
mantle signature in magmatic-hydrothermal fluids (Shail et al., 2003). 
A wholly crustal source is favoured by several authors with many suggesting a 
lower crustal source.  Charoy (1986) favours lower and middle crustal source 
types such as cordierite-sillimanite-spinel pelitic gneisses analogous to the 
pelites exposed in Brittany.  It was proposed that 30% melting at 800°C could 
produce the granites.  Other source suggestions include proposed poorly 
hydrated garnet granulite (Stone, 1988) and a feldspathic metagreywacke 
(Chappell and Hine, 2006).  Two studies favoured a mantle source.  Extreme 
fractionation of mantle material combined with wall rock assimilation was the 
chosen mechanism for granite generation of Leat et al. (1987) and Watson et al. 
(1984).  This would require huge volumes of mantle-derived melts to produce 
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the volume of the batholith, not enough of which is exposed within the region or 
indicated on geophysical surveys. 
A further topic of contention has been the potential source inheritance of 
minerals such as cordierite and andalusite.  Many authors regard them as 
restite from the source region as the field of stability for andalusite does not 
overlap with the P-T range for granite formation (e.g. Charoy, 1986).  However, 
it has been shown that andalusite can crystallise as a primary mineral from 
water undersaturated granitic melts at low-temperatures (Clarke et al., 2005).  
Cordierite can also form directly from a granitic melt and does not require 
inheritance from the source (Clarke, 1995) 
There are several different theories as to how the topaz granites have formed.  
Studies carried out on quartz-albite-orthoclase melts with varying 
concentrations of F have shown that it is possible for a topaz granite magma to 
evolve from a volatile-rich biotite granite magma (Manning, 1979; Manning and 
Exley, 1984; Taylor and Fallick, 1997).  Other studies suggest that 
metasomatism plays a large role with metasomatised biotite granite the origin 
for the topaz granites (Stone, 1992) whilst another study proposed that the 
topaz granites are a product of melting lower crustal restite material left after 
production of biotite granites (Manning and Hill, 1990).  
2.11. Mineralisation 
The mineral wealth of the Cornubian Batholith has been exploited since the 
Bronze Age with the recovery of tin by tin streaming on the moorland areas 
(Gerrard, 2000).  During the 19th century Cornwall was a world leader in Sn and 
Cu production and by the closure of South Crofty mine in 1998, the area had 
yielded 2,000,000 tonnes of metallic Cu and 2,500,000 tonnes of metallic Sn.  
Alongside Sn and Cu, many other metals have been extracted including Fe, As, 
Pb, Zn, Mn, W and Ba (Table 2.2).  Mineralisation is strongly associated 
spatially with the Cornubian Batholith and is hosted by the batholith and 
surrounding metasedimentary rocks.  
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Table 2.2.  Main stages of mineralisation in the Cornubian Orefield.  Summarised after 
Scrivener et al. (1982); Clayton et al. (1990); Alderton et al. (1993); Chesley et al. (1993); 
Clayton and Spiro (2000); Scrivener (2006). 
Timing Style Metals Ore mineralogy Th (ºC) 
Pre-granite  
(300 - 400 Ma) 
Syngenetic and epigenetic 
metal concentrations 
Mn, Pb, Zn, Ba, 
Fe 
pyrolusite, psilomelane, 
barite, ankerite 
Unknown 
Pre-granite veins Sb, Pb, Fe, Au plagionite, jamesonite 210 - 315 
     
Granite-related 
(260 - 300 Ma) 
Skarn Fe, Cu, Sn, As cassiterite, magnetite 375 – 450 
Pegmatitic Sn, W ± Mo, As 
cassiterite, wolframite, 
loellingite, arsenopyrite 
300 – 500 
Sheeted Greisen bordered 
veins 
 
Sn, W, Cu 
cassiterite, wolframite, 
arsenopyrite 
300 – 500 
Tourmaline-quartz veins and 
breccias 
Sn, Fe cassiterite, Fe oxides 300 – 500 
Polymetallic quartz-chlorite-
sulphide lodes 
Sn, Cu, Pb, Zn, 
As, Fe 
cassiterite, arsenopyrite, 
wolframite, chalcopyrite, 
pyrite, secondary 
minerals 
200 – 400 
     
Post-granite 
(Mesozoic – 
Cenozoic) 
Late polymetallic veins 
known as “Crosscourse” 
(trending N-S) 
Pb, Zn, Ag, Fe, 
Sb, U, Cu, Ba, F 
hematite, galena, 
sphalerite, fluorite, barite, 
siderite. 
100 – 170 
    
 Gold-carbonate veins Au Au, selenides 65 - 120 
 
2.11.1. Pre-granite mineralisation 
Pre-granite mineralisation can be divided into two types: i) strata bound and 
nodule deposits in sedimentary and volcanic successions and ii) vein deposits 
formed during regional metamorphism.  Mn nodules are confined to the cherts 
to the west of Dartmoor around the Teign Valley whereas strata bound deposits 
are associated with multiple rock types including tuffs, sedimentary rocks and 
basaltic intrusions (Selwood et al., 1984).  Egloskerry hosts stratiform Pb-Zn 
deposits (Benham et al., 2005).  The NW-SE trending steeply dipping 
metamorphic quartz veins typically contain Sb along with Pb (Clayton and Spiro, 
2000). 
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2.11.2. Granite-related mineralisation 
Disseminated magmatic mineralisation 
The presence of minerals such as columbite-tantalite, Nb-rich rutile, cassiterite 
and sulphides within the granites has been described by several authors (e.g. 
Brammal and Harwood, 1923; Manning et al. 1983; Scott et al 1998).  These 
minerals are disseminated, low grade and, within the topaz granites of St. 
Austell, considered to be of primary magmatic origin (Scott et al, 1998).  There 
has been no recorded extraction of disseminated magmatic mineralisation in the 
region. 
Replacement Deposits 
Replacement Sn-Zn-Fe-Cu deposits are found in the Land’s End Granite 
around Botallack and around the northern edge of the Dartmoor Granite (e.g. 
Red-a-Ven).  In both localities, calc-silicate horizons contain garnet, malayaite, 
axinite, actinolite, pyrrhotite, arsenopyrite, chalcopyrite and pyrite with Sn 
hosted in cassiterite and malayaite (Alderton and Jackson, 1978; Dines, 1956; 
El Sharkawi and Dearman, 1966).  Replacement of metabasites at Grylls 
Bunny, near Botallack formed tourmaline “floors” rich in cassiterite (Jackson, 
1974).  There are few true skarns in the region due to the lack of carbonate 
rocks sited within granite aureoles and the deposits are typically of low 
economic value (Scrivener, 2006). 
Pegmatites and aplites 
Pegmatite and aplite Sn-As±Mo±W deposits are rare compared to other deposit 
types but can be found at Megiliggar Rocks (Tregonning Granite), Chywoon 
Quarry (Carnmenellis Granite) and in various locations in the Land’s End and 
St. Austell Granites.  A study of the pegmatites at Megiliggar Rocks, Tregonning 
Granite, found trace amounts of arsenopyrite, molybdenite, wolframite and 
löllingite (Bromley, 1989) with a similar assemblage occurring within the 
Goonbarrow Pegmatite, St Austell (Bromley and Hall, 1986). 
Fluid inclusion studies of the Halvasso pegmatites within the Carnmenellis 
Granite have shown that the fluids responsible for formation contained 5-14 wt. 
% NaCl and had a temperature 320° to 380°C with O-H isotope signatures 
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indicating magmatic fluids rather than meteoric fluids were responsible for 
formation (Jackson, 1978).  Mineralised pegmatitic pods and veins are 
described at Cligga, occurring along the southern contact between the granite 
and metasedimentary rocks but the locality is better known as a greisen deposit 
(see below)(Jackson et al., 1989). The “feldspar pegmatites” of South Crofty 
Mine (Dines, 1956) are better described as hydrothermal veins (Hosking, 1964). 
Sn-W greisens 
Greisen bordered quartz-cassiterite and/or wolframite veins are found in a 
number of locations within the batholith including St. Michael’s Mount, Cligga 
Head, Goonbarrow (St. Austell Granite) and Hemerdon (Dartmoor Granite).  
Greisen mineralisation is often accompanied by hydraulic fracturing of the rock 
and is hosted within sheeted complexes/vein swarms with host granites often 
displaying stockscheider textures (Halls, 1987; Scrivener, 2006).  Greisens 
have a strong structural control and reach up to several hundred metres across 
(Jackson et al., 1989).  Hydrothermal fluids are dominantly magmatic with 
limited mixing with meteoric waters, have salinities of 5-10 wt.% with Br/Cl ratios 
similar to magmatically derived fluids (Alderton and Harmon, 1991; Smith and 
Yardley, 1996).  Around the veins there is parallel phyllic alteration where the 
primary granite assemblage has been altered to quartz, muscovite, topaz and 
sericite (Hall, 1971). 
Quartz-tourmaline breccias and veins 
Tourmaline-quartz vein swarms and breccias are hosted by both the granites 
and surrounding country rock and contain cassiterite, arsenopyrite and 
wolframite (e.g. Treliver, northwest of the St. Austell Granite).  There is a strong 
structural control with an association between fracture systems exploited by 
elvans and the veins (Goode and Taylor, 1980).  The Wheal Remfry Breccia 
within the St. Austell Granite has globular and angular clasts of granite within a 
tourmaline matrix and country rock clasts towards the top.  The groundmass 
rutile is the main source of Sn, W and Fe (Müller and Halls, 2005).  This 
mineralisation style still represents a dominantly magmatic-hydrothermal origin 
with limited mixing with meteoric fluids. 
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The granites and metasedimentary rocks host E-W trending, steeply dipping 
quartz-tourmaline-cassiterite veins.  The veins are bordered by altered zones of 
tourmaline + mica + feldspar in granites or tourmaline + chlorite in 
metasedimentary rocks (Hosking, 1964; Durrance et al., 1982).  These veins 
can overprint earlier greisen-bordered veins and in turn are themselves 
overprinted by later sulphide assemblages (Jackson et al., 1977).  Many of the 
veins display evidence for fault movement and multiple episodes of cassiterite 
growth (Halls, 1987).  These veins are high temperature, high salinity (>30 et. % 
NaCl) becoming progressively more oxidising over time on mixing with meteoric 
waters (Williamson et al., 2000). 
Polymetallic sulphide veins 
The polymetallic ENE-WSW trending sulphide veins, commonly called fissure or 
lode veins, are the primary source of ore throughout the region.  The veins vary 
in composition but typically contain Sn-Cu-As-Zn-Pb(-W) ores with chlorite, 
tourmaline, quartz and fluorite common gangue minerals.  It was originally 
thought that these polymetallic veins represented a zoned system from a 
hydrothermal fluid originating in the “emanative” centres (Dewey, 1925; Dines, 
1956) with Sn the closest to the granite body moving through Cu and Zn with Pb 
the most distal.  This zoning was thought to not only apply laterally but also with 
depth with veins in the Camborne-Redruth area sulphide rich near the surface 
moving into oxides at depth (the “tin zone”).  This theory is now thought to be 
not as straightforward as a simple zoned system due to the interaction between 
different mineralised veins and previous alteration of both the granite and the 
country rocks and multiple episodes of fluid flow and mixing (Scrivener, 2006).  
Increased mixing between magmatic and meteoric fluids has also affected the 
metal distribution. 
The fluids responsible for the polymetallic veins were hot (200-500°C), 
moderately saline (10-30 wt. % NaCl) and of mixed origin (including meteoric, 
magmatic and metamorphic fluids) with the majority of the mineralisation 
forming where meteoric metal-bearing fluids mixed with magmatic metal-
bearing fluids (Jackson et al., 1989; Alderton and Harmon, 1991).   
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2.11.3. Post-granite mineralisation 
Crosscourse 
Epithermal post-granite hydrothermal quartz-chalcedony-carbonate-hematite 
veins crosscut the granite-related mineralisation.  A range of metals are found 
within these epithermal systems including: Fe, Ba-Pb and Pb-F.  The epithermal 
fluids were much cooler than magmatically derived veins (200°C) and show a 
range of salinity values (1-27 wt.% NaCl).  The veins trend N-S, accommodated 
by faults and extensional fractures (Jackson et al., 1989; Scrivener, 2006).  
Meteoric and basin fluids are responsible for this mineralisation, termed 
crosscourse, occurred during Triassic regional extensional and basin formation. 
Gold-carbonate veins 
Gold-bearing carbonate veins are found at Hope’s Nose, Torquay, just within 
the study area but not forming part of this study.  The veins are NW-SE trending 
and the veins crosscut the mid-Devonian limestones in the area which were 
deformed by the Variscan orogeny.  Native gold is found in the veins along with 
a range of selenides including eucairite (CuAgSe) and fischesserite (Ag3AuSe2).  
The fluids forming these veins were 65-120ºC with salinities ranging from 20-23 
wt.% NaCl (Scrivener et al., 1982).  The temperature and salinity values infer 
that the gold carbonate veins formed at a similar time to the crosscourse 
mineralisation and with the lack of age data this is currently the accepted timing 
of this mineralisation (Stanley et al., 1990). 
2.12. Kaolinisation 
Alongside the extraction of the metals listed above, kaolin is an important 
mineral extracted within the region.  Historically, kaolin has been extracted from 
all of the major plutons, with the exception of the Isles of Scilly Granite (Exley 
and Stone, 1982), and extraction continues within the St. Austell Granite.  
Kaolinisation is due to the breakdown of the feldspars, dominantly plagioclase, 
into kaolin group minerals of which kaolin (Al4[Si4O10](OH)8) is the most 
important.   
There has been extended debate over the origins of the china clay from 
spanning predominantly weathering or hydrothermal processes.  The correlation 
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between quartz-tourmaline veins, crosscourse veins and kaolinisation has lead 
authors to conclude that the kaolinisation is hydrothermal (e.g. Alderton and 
Rankin, 1983; Bray and Spooner, 1983).  However, O- and H-isotope data 
indicate equilibration between kaolin and low temperature meteoric fluids, 
supporting a supergene weathering process (Mueller et al., 1999; Sheppard, 
1977).  A multi-stage model in which Permian hydrothermal fluids weakened the 
granite forming permeable fracture networks for supergene weathering may 
reconcile both models. 
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Chapter 3:  Critical metals for low carbon technologies 
and processes for concentrating metals in granitic 
systems. 
3.1. Introduction 
The term “critical metals” has come to prominence in recent years due to the 
rapid growth of the low carbon and consumer electronic sectors and the use of 
metals that are not traditional targets of exploration and mining.  Critical metals 
included within this study are crucial for the development of the low carbon 
sector in the EU, commonly termed the “EU 14”, (European Commission, 2010) 
(Figure 3.1).  These metals either have historical importance within SW England 
(Sn, Sb, W) and/or are commonly associated with peraluminous granites (Li, 
Be, Nb, Ta, Bi; e.g. Černŷ et al., 2005).  Three metals (Ga, Ge, In) are included 
due to the lack of published information on these metals within peraluminous 
granites.  Indium has documented occurrences in mineralisation in the region 
(Andersen et al., 2009). 
 
Figure 3.1.  Periodic table with critical metals essential for this study outlined. 
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3.2. Defining critical metals 
A variety of factors may contribute towards a metal becoming “critical” including 
supply from politically unstable countries or from a limited number of mining 
operations, supply restrictions or growth in a particular sector consuming more 
resources.  Several of the metals in this study are not extracted as primary 
resources but only as by-products of other commodities.  For example, there is 
no single In mine the world; supply comes as a by-product of Zn-Pb deposits 
such as Neves Corvo (Portugal) and Red Dog (Alaska) (Schwarz-Schampera 
and Herzig, 2002).  Metals are not typically designated as either critical or non-
critical but form a sliding scale from the most to least critical.  Different countries 
and reports define critically different dependent upon their changing priorities 
and access to resources (Gunn, 2014).  
A number of recent reports in the UK have highlighted which critical metals are 
important for maintaining our economy along with the issues surrounding 
supply.  The British Geological Survey (BGS) produced a “risk list” by allocating 
a score to each metal which takes into consideration supply restriction, political 
instability and abundance.  The higher the score, the more “at risk” a metal is 
deemed.  The BGS report shows that China is the main producer of a number 
of metals including W, In and Bi (British Geological Survey, 2011).  An updated 
risk list was published in 2012 taking into account top reserve holders with 
many of the metals important to this study remaining “at risk” (British Geological 
Survey, 2012).  The Critical Metals Handbook, authored by a variety of 
researchers, dominantly from the BGS, was published in 2014 including profiles 
of several metals and issues from lack of geological understanding to 
processing (Gunn, 2014). 
The Science and Technology Committee of the House of Commons also 
examined problems with “strategically important metals” highlighting supply 
issues with the PGE, REE and a range of other metals including In, Ga, Nb, W 
and Ta.  This supply risk was also due to China being the main supplier of a 
number of these metals but the committee also discussed other factors such as 
increasing demand from emerging economies and the influence of hedge funds 
buying up metals as investment.  It was noted that all too often metals are not 
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recovered through recycling and there is a lack of information on domestic 
resources (House of Commons, 2011). 
The importance of securing supply of critical metals has been further highlighted 
in EU reports by the Institute for Energy and Transport (Moss et al., 2011) and 
the European Commission for Enterprise and Industry (European Commission, 
2010).  The former report has dictated the metals of interest for this study.  A 
report in the USA noted that “clean energy technologies constitute about 20 
percent of global consumption of critical materials” with In of particular 
importance as it has short term supply risks (US Department of Energy, 2010).  
3.3. Uses of critical metals 
All of the critical metals in this study have applications in low carbon 
technologies with many having additional uses in alloys and consumer 
technologies (e.g. smart phones) (Table 3.1). 
Table 3.1.  Uses of critical metals in low carbon technologies, alloys and consumer 
technologies.  Adapted from (US Department of Energy, 2010; Moss et al., 2011; Salazar and 
McNutt, 2011; Gunn, 2014). 
 
Photovoltaics Wind turbines Electric Vehicles Nuclear 
applications 
 
Alloys 
Consumer 
technology Thin films Magnets Magnets Batteries 
Li        
Be        
Ga        
Ge        
Nb        
In        
Sn        
Ta        
W        
Bi        
 
Lithium is a common component of batteries whereas other elements such as 
Be are used in alloys to make printed circuit boards (PCBs) and screens (Gunn, 
2014) within consumer technologies.  Tin and In are used in the compound 
indium tin oxide (ITO), a compound used in liquid crystal displays (LCDs) and 
touchscreens in mobile phones and tablet computers.  Indium tin oxide is ideal 
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for use in these devices as it is transparent, conductive and can be used as a 
thin film.  Further uses for ITO outside of consumer technologies include within 
photovoltaics where the properties of the compound are also advantageous.  
Replacements for In in ITOs coatings include Sb, which is also considered at “at 
risk” metal, and various carbon compounds.  Indium has an important 
application within the nuclear industry, where the metal is used for reactor 
control rods, and in the solar energy industry.  Further uses include within 
solders, alloys and semiconductors (Salazar and McNutt, 2011). 
Gallium is also important for the production of photovoltaics along with Ge.  
Gallium arsenide (GaAs) compounds represent the greatest use of Ga due to 
their applications in a variety of sectors including from nuclear to electronics 
(Butcher and Brown, 2014).  Outside of photovoltaics, Ge is primarily used in 
fibre optic cables.  A replacement for Ge-based cables has been developed but 
this utilises Zr-In compounds (Angerer et al., 2009 in Melcher and Buchholz, 
2014).   
The main use of Nb is in the steel industry as a super alloy in the form ferro-
niobium.  High-strength alloy steels containing Nb are used in cars, planes and 
oil pipelines as well as in bridges, nuclear reactors and rocket engines (Linnen 
et al., 2014).  The metal has further superconductive properties and is used in 
high strength magnets in MRI scanners, electric cars and wind turbines.  Uses 
for Ta are similar and the metal is primarily used in a variety of compounds as a 
superconductive material in magnets but Ta is further used in the steel industry 
to produce high-strength steel alloys (British Geological Survey, 2011). 
Antimony and W have a range of engineering applications as they are 
components of high strength alloys.  The chemical properties of W, such as its 
high tensile strength, mean that it is perfect for use in alloys such as tungsten 
carbide which are extensively used in the mining industry in drill fittings.  The 
high melting point of W also means that it has been used as the filament in 
incandescent light bulbs for many years (Brown and Pitfield, 2014).  Outside of 
use in alloys, Sb is utilised as antimony trioxide in flame retardants and in PET 
plastics (Schwarz-Schampera, 2014). 
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3.4. Economics and reserves 
The economics governing the critical metals important to this project are 
complicated by several factors such as politics of the major producing countries.  
In general, all of the critical metals listed above have seen major increases in 
price in the last five years despite a dip in prices after the 2008 recession 
(Figure 3.2).  
 
Figure 3.2.  The price of W ($ / MTU) from 2004 to mid-2014. From metal-pages.com (2014). 
Growing consumption with limited extraction and recycling is a further issue.  In 
2011, total production of In totalled 640 tonnes but consumption totalled 1800 
tonnes (Tolcin, 2012).  Indium can be recovered by recycling ITOs but the 
process is complex, involving acid leaching, removing Sn from the leached 
solution by sulphide precipitation and then depositing In by Zn cementation.  
This method is estimated to recover up to 99% of the In and is a viable method 
due to the availability of commercially available acids (such as H2SO4) (Li et al., 
2011).  Despite this, <1% of In is recycled with a similar figure for the other 
metals in this study.  Tin has the highest recycling rate of any metals in this 
study (>50%) (UNEP, 2011).  Global Sn reserves of 5.2 Mt are thought to be 
substantial enough for sustainable supply in the near future but Sn is placed 
fairly highly on the British Geological Survey Risk List due to China being the 
leading producer and restrictions on Indonesian exports (British Geological 
Survey, 2012; USGS, 2014).   
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Gallium is mainly recovered from bauxite ores, where Ga averages 50 ppm, 
during the refining of alumina and also as a by-product of Zn production.  
Approximately 280 tonnes of Ga were produced in 2013, including Ga from 
recycling and currently Ga has a small supply surplus (USGS, 2014).  However, 
this surplus is estimated to turn into a deficit by 2020 due to growth in 
manufacturing of photovoltaics (Moss et al., 2011). 
Total reserves of Nb are estimated to reach 484 Mt with Brazil (Araxá Mine) 
having over 93% of these reserves and Canada and the USA the bulk of the 
rest.  Norway and Finland are known to have Nb resources but these are not 
yet being mined (Moss et al., 2011).  Consumption of Ta has increased rapidly 
since the 2008 recession and world total reserves are approximately 110,000 
tonnes (Salazar and McNutt, 2011).  Although the current reserves of Nb are 
thought to be enough to last for the next 500 years and Ta resources are 
currently sufficient for demand, Nb and Ta are still considered critical metals in 
Europe due to the moderate political risk to supply and the EU’s 100% import 
dependence for Nb (Moss et al., 2011; British Geological Survey, 2012).   
Antimony and W have the highest risk index ratings on the British Geological 
Survey’s Risk List partly due to the lack of substitutes and lack of recycling 
(British Geological Survey, 2012).  The production of Sb and W has recently 
been reduced by China due to in-country restrictions on illegal mining 
operations to limit pollution (Salazar and McNutt, 2011).  Both W and Sb have 
traditionally been mined within the study area and the Hemerdon deposit near 
Plymouth, one of the world’s biggest W deposits, is due to start production in 
the third quarter of 2015.  A domestic supply of W should lower its criticality.   
3.5. Chemistry of critical metals 
Many of the metals in this study show similar chemical characteristics, such as 
the same preferred valences and similar ionic radii (Table 3.2).  These 
properties are important with regards to mineralogy and behaviour in geological 
environments. Many of the metals have similarities with other metals such as K, 
Rb and the REE, which are also considered further in this study. 
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3.6. Mineralogy and partitioning behaviour 
The host mineral and magmatic behaviour of critical metals are diverse.  For 
many of the metals, partitioning studies are largely absent or only available for 
ultramafic or mafic rocks.  The large ionic radii and high charge shown by 
several of the elements (Table 3.2) imply that several of the metals would be 
expected to partition into the melt during partial melting and then increase in 
abundance during granite differentiation.   
3.6.1. Lithium 
Lithium is a large ion lithophile element (LILE), tending to bond with silicates 
over sulphides.  Although Li production is predominantly from continental 
brines, granite-pegmatites are another major source.  The Li-Cs-Ta (LCT) class 
of pegmatite, associated with peraluminous granites, often contains Li-rich 
minerals such as spodumene (LiAlSi2O6) and petalite (LiAlSi4O10).  Associated 
with these pegmatites are usually the Li-rich polylithionite (lepidolite) micas 
(Černŷ et al., 2005).  A current project at the Zinnwald deposit, eastern 
Erzgebirge, Germany is seeking to extract Li from ferroan polylithionite 
(zinnwaldite) (Neßler et al., 2013). 
Partition coefficients for Li are fairly well defined for a range of different rock 
types although mafic rocks are dominantly studied over felsic rocks.  
Experimental studies of Li partitioning between biotite, muscovite, cordierite and 
a peraluminous melt show that Li is slightly compatible in biotite (DLi
Bt/Glass0.8*-
1.67), and is incompatible in muscovite (DLi
Msc/Glass0.8) and cordierite 
(DLi
Crd/Glass0.12-0.44) (Icenhower and London, 1995; Evensen and London, 
2003). 
Lithium is not compatible in plagioclase or alkali feldspar (Bea et al., 1994).  The 
substitution of Li into trioctahedral and dioctahedral micas is well known (Tindle 
and Webb, 1990; Tischendorf et al., 1997b) and the presence of Li -bearing 
micas has been documented in Cornwall (Stone et al., 1988; Henderson and 
Martin, 1989; Müller et al., 2006a).  Lithium-rich elbaite tourmaline 
(Na(LiAl)3Al6Si6O18(BO3)3(OH)4) has also been described from SW England 
(Manning, 1991) with the Li potential of the St. Austell Granite previously 
explored by the British Geological Survey (Hawkes et al., 1987). 
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Table 3.2.  Chemical characteristics of the critical metals.  Bold valences indicate the major ion.  Information from Royal Society of Chemistry (2011). 
 Li Be Ga Ge Nb In Sn Sb Ta W Bi 
Group 
number 
1 2 13 14 5 13 14 15 5 6 15 
Z 3 4 31 32 41 49 50 51 73 74 83 
ma 6.941 9.012 69.723 72.63 92.906 114.818 118.71 121.76 180.948 183.84 208.98 
Electron 
configuration 
[He] 2s
1
 [He] 2s
2
 
[Ar] 
3d
10
4s
2
4p
1
 
[Ar] 
3d
10
4s
2
4p
2
 
[Kr] 
4d
4
5s
1
 
[Kr] 
4d
10
5s
2
5p
1
 
[Kr] 
4d
10
5s
2
5p
2
 
[Kr] 
4d
10
5s
2
5p
3
 
[Kr] 
4d
10
5s
2
5p
2
 
[Xe] 
4f
14
5d
4
6s
2 
[Xe] 
4f
14
5d
10
6s
2
6p
3 
Valences Li+ Be
2+ 
Ga
3+
 Ga
+
 
Ga
2+ 
Ge
4+ 
Nb
5+ 
Nb
3+ 
In
3+ 
In
+
 In
2+
 
Sn
4+
 Sn
2+
 
Sn
4- 
Sb
5+
, Sb
3+
, 
Sb
3-
 
Ta
5+ 
W
6+ 
W
5+
 W
4+
 
W
3+
 W
2+ 
Bi
3+
 Bi
5+ 
Atomic radius 
(Å)* 
1.820 1.530 1.870 2.110 2.180 1.930 2.170 2.060 2.220 2.180 2.070 
Common 
isotopes 
6
Li 7.59% 
7
Li 92.41 
9
Be 
100% 
69
Ga 60.1% 
71
Ga 39.9% 
70
Ge 20.38% 
72
Ge 27.31% 
73
Ge 7.76% 
74
Ge 36.72% 
76
Ge 7.83% 
93
Nb 
100% 
113
In  4.3% 
115
In 95.7% 
112
Sn 0.97% 
114
Sn 0.66%
 
115
Sn 0.34% 
116
Sn 14.54% 
117
Sn 7.68% 
118
Sn 24.22% 
119
Sn 8.59% 
120
Sn 32.58% 
122
Sn 4.63% 
124
Sn 5.79% 
121
Sb 57.21% 
123
Sb 42.79% 
180
Ta 0.012% 
181
Ta 
99.988% 
180
W 0.12% 
182
W 26.5% 
183
W 14.31% 
184
W 30.64% 
186
W 28.43% 
209
Bi 100% 
Density 
(kg m
-3
) 
533 1846 5905 5323 8578 7310 7285 6692 16670 19254 9803 
Melting point 181ºC 1287ºC 29.9ºC 938ºC 2476ºC 156°C 232ºC 631ºC 3016ºC 3414ºC 271ºC 
Boiling point 1342ºC 2468ºC 2229ºC 2833ºC 4743ºC 2080°C 2586ºC 1587ºC 5454ºC 5555ºC 1564ºC 
Mohs 
hardness 
0.6 5.5 1.5 6.0 6.0 1.2 1.5 3.0 6.5 7.5 2.3 
* Non-bonded 
 
 
 
 
 
       7
2
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3.6.2. Beryllium 
Like Li, Be is classified as a lithophile element and is most enriched within 
granitic systems that have formed in convergent mountain belts and rift zones 
(Evensen and London, 2002).  Beryllium has also been described as being both 
chalcophile and siderophile and can therefore substitute into multiple mineral 
species (Trueman and Sabey, 2014).  The most important minerals associated 
with granites, usually granitic pegmatites, include beryl (Be3Al2(SiO3)6) and 
bertrandite (Be4Si2O7(OH)2).  Typically Be abundances in rock-forming minerals 
such as the feldspars and micas are negligible owing to a small ionic radius 
(0.27 Å) and lack of suitable other elements to substitute for (Trueman and 
Sabey, 2014); as such Be would be expected to increase in abundance during 
any granite differentiation processes. 
In an experimental study ascertaining the distribution of Be within peraluminous 
granitic systems, Be was found to be very compatible in cordierite and where 
cordierite is absent, micas and calcic plagioclase control the distribution of Be in 
the major rock-forming minerals.  During metapelite melting, reactions involving 
the crystallisation of cordierite were found to deplete the residual melt in Be 
(Evensen and London, 2002) but in the event of cordierite being consumed the 
melt content of Be is controlled by the presence of biotite or calcic plagioclase.  
Where cordierite or calcic plagioclase is absent, Be will be hosted within white 
micas such as muscovite or lepidolite (Cuney et al., 1992a; Evensen and 
London, 2003). 
3.6.3. Gallium 
Gallium was classified as a chalcophile element by Goldschmidt (1937) but as a 
moderately volatile siderophile element by McDonough and Sun (1995). It is 
rare for Ga-rich mineral species to form and commonly Ga substitutes for other 
metals in minerals such as sphalerite (Butcher and Brown, 2014).  There are a 
range of studies on partitioning of Ga in both mafic and felsic rocks although 
studies on peraluminous granites are absent.  Geochemically, the closest 
experimental study on behaviour of Ga included low silica rhyolites.  This study 
found that Ga partitions into biotite, showing a positive correlation with Al, 
having a partition coefficient of 1.7 (Ewart and Griffin, 1994).  The same study 
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determined that Ga had partition coefficients for plagioclase and alkali feldspar 
of 0.59 -1.7 and 0.2 – 1.7 respectively.  Strong correlations between Al and Ga 
were noted in a range of different rock types from gabbro to rhyolites in an early 
review of the geochemistry of Ga (Shaw, 1957).  The same study also noted 
that within granitic rocks, Ga was most likely concentrated in plagioclase 
feldspars.  
3.6.4. Germanium 
Germanium is a complex metal, occurring as lithophile, chalcophile, siderophile 
and organophile (Melcher and Buchholz, 2014).  There are thirty Ge minerals, 
several of which are extremely rare, the majority of which are sulphides.  
Germanium substitutes into the lattice of common sulphide minerals such as 
sphalerite and enargite.  Substitution into silicate minerals is less well 
constrained but Ge can substitute into topaz within evolved granites (Breiter et 
al., 2013b) and quartz (Melcher and Buchholz, 2014).  The granite-related 
Noailhac-Saint Salvy Sn-Ag deposit in the Massif Central, France was a major 
Ge producer before resources were exhausted in 1993; it is unknown how the 
Ge was concentrated in this system (Melcher and Buccholz, 2014). 
Experimental partitioning studies of Ge are absent for granites.  A study that 
analysed the trace element composition of major minerals and glasses by 
electron microprobe found that Ge displays variable mineral / glass ratios:          
DGe
(Bt/Glass) < 4.3, DGe
(Ilm/Glass) < 2.7, DGe
(Plag/Glass) < 0.24-1.8.  The study 
concluded that Ga and Ge exhibit similar behaviour and partitioning is thought 
to be a function of NBO/T melt ratios (the ratio between non-bridging oxygens 
and the number of four-fold coordination cations) and not bulk geochemistry 
(Ewart and Griffin, 1994).  Recent studies of trace elements in pegmatitic quartz 
indicate that Ge would be expected to increase during fractionation as Ge 
increases from the border to the core of pegmatite bodies (Breiter, 2014). 
3.6.5. Indium 
Goldschmidt classified In as a chalcophile element and In has been further 
described as “slightly incompatible” (Goldschmidt, 1937; Yi et al., 2000).  Indium 
is also often described as a volatile element (McDonough and Sun, 1995; Yi et 
al., 1995; Cook et al., 2011b)  and is has been shown that In can be removed 
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from igneous systems in a vapour phase (Symonds et al., 1987).  There is very 
limited information on the partitioning behaviour of In in granitic rocks but in 
basanite In was experimentally determined to have a partition coefficient of 0.3 
in mica (Adam and Green, 2006) and 3.9 for biotite in a dacite (Matsui et al., 
1977).   
Indium minerals are rare in nature as In typically substitutes into the crystal 
lattice of other minerals.  To date, only fourteen In minerals have been 
recognised and described optically and many of these minerals contain sulphur 
in their structures.  Indium is particularly associated with sphalerite and 
chalcopyrite (Yi et al, 1995).  Within sphalerite, Zn has an ionic radius of 0.074 
nm as Zn2+ whereas In3+ has an ionic radius of 0.076 nm and is an appropriate 
size for substitution.  The charge is maintained by the incorporation of Cu+ with 
an ionic radius of 0.074 nm into the crystal structure.  Roquesite (InS2) is 
isostructural with chalcopyrite and can occur as globules within chalcopyrite, 
bornite and sphalerite (Schwarz-Schampera and Herzig, 2002).  Other minerals 
that In substitutes into include: stannite, cassiterite, galena, stibnite, bornite, 
tetrahedrite and tennantite, all of which have similar crystal structures and 
coordination numbers (Schwarz-Schampera and Herzig, 2002; Andersen et al., 
2009; Cook et al., 2011a).  
3.6.6. Tin 
Tin can be chalcophile, forming sulphides such as stannite (Cu2FeSnS4), 
lithophile or siderophile.  Granitoid melts derived from crustal sources will be 
undersaturated with respect to cassiterite and so additional processes along 
with partial melting must have occurred if magmatic cassiterite is present within 
any granite (Taylor and Wall, 1992).  Temperature is shown to not have an 
effect on the Sn concentration of melts but decreasing pressure will slightly 
decrease Sn.  Tin concentrations are dominantly controlled by the ƒO2 of the 
melt with Sn enrichment favoured by low ƒO2 including low ƒO2 caused by 
fractionation Fe-Ti minerals (Förster et al., 1999; Černŷ et al., 2005).  Tin is 
commonly incorporated into minerals as Sn4+ and so low ƒO2 will cause Sn to 
remain in the melt as Sn2+ although some Sn may partition into rock-forming 
minerals such as micas on emplacement of the melt (Taylor and Wall, 1992).  In 
the Viseu region in Portugal, biotite and muscovite were found to account for 
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over 80% of the whole rock abundance of Sn with a DBt/Msc ratio of 0.4 ± 0.1 
(Neves, 1997). 
In SW England, Sn is described in micas (Hosking, 1964; Alderton and Moore, 
1981), tourmaline (Williamson et al., 2000) and rutile (Müller and Halls, 2005) 
with cassiterite and malayaite previously targeted for extraction.  Tin has also 
been shown to increase during granite differentiation before partitioning into B-
rich fluids exsolving from granites in the St. Just district (Land’s End Granite) 
(Müller et al., 2006a).   
3.6.7. Antimony 
Antimony is a chalcophile element most commonly associated with Pb, Cu and 
Ag in hydrothermal-exhalative sedex deposits and orogenic gold deposits.  
Antimony commonly substitutes for Bi, Pb, As and S in various silicate and 
sulphide minerals (Schwarz-Schampera, 2014) .  There are numerous Sb 
minerals that have been described and, of particular relevance to SW England, 
are stibnite (Sb2S3) and tetrahedrite ((Cu,Fe)12Sb4S13) which have been 
extracted from granite-related polymetallic lodes.  However, pre-granite veins 
are the dominant hosts of Sb in the region implying that the granites may not be 
the main control on Sb distribution (Scrivener, 2006)   There are few details 
concerning distribution of Sb within major rock-forming granite minerals despite 
an association between polymetallic base metal veins in magmatic terranes.  A 
mineral-glass ratio for Sb in alkali feldspar from a high-silica metaluminous 
rhyolite was found to range from 0.08-0.22 (Streck and Grunder, 1997) but 
otherwise there are no partitioning studies of Sb into the common granite rock-
forming minerals. 
3.6.8. Niobium and tantalum 
Both Nb and Ta are refractory lithophile elements (Goldschmidt, 1937; 
McDonough and Sun, 1995) and the partition coefficients for both elements are 
fairly well defined for a range of rock types including peraluminous granites.  
Niobium and Ta typically form oxide minerals rather that silicates due to strong 
charge to ionic radii ratios.  Although the two metals frequently appear enriched 
together, currently Nb is dominant sourced form carbonatites and Ta from 
peraluminous granite-related deposits (Linnen et al., 2014). 
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The main Nb mineral in granites is columbite, (Fe,Mn)(Nb,Ta)2O6) and, to a 
lesser extent, ilmenorutile (Fex(Nb,Ta)2x4Ti1-xO2).  Tantalum can be found in a 
variety of minerals including tantalite ((Fe,Mn)(Ta,Nb)2O6) which is polymorphic 
with columbite and forms a solid solution series between Ta (tantalite) and Nb 
(columbite) end members.  Substitution of Nb and Ta into cassiterite is well 
documented with cassiterite often containing micro-inclusions of 
columbotantalite and Nb-rich rutile (Linnen and Keppler, 1997; Linnen, 1998).  
Along with Li, LCT pegmatites contain Ta minerals.  The LCT Tanco pegmatite 
is enriched in Ta (Černŷ et al., 2005) along with the Greenbushes Pegmatite in 
the Yilgarn Craton, Australia (Linnen et al., 2014).  High melt contents of F, P 
and/or Li promote the retention of Nb and Ta within a melt until crystallisation of 
P or Li-rich minerals such as amblygonite or Li-rich micas (Linnen, 1998). 
Disseminated Nb-Ta mineralisation is described from Cornwall (Scott et al., 
1998) as well as in the peraluminous granites of the Yichun Deposit, China (Yin 
et al., 1995).  The polylithionite-albite-topaz Beauvoir Granite of the Massif 
Central, France, contains disseminated Ta-rich columbotantalite and is 
associated with a peripheral Sn-W deposit (Cuney et al., 1992b).  Other 
peraluminous Variscan granites also contain disseminated Nb-Ta minerals such 
as the areas around Podlesí and Cínovec in the Czech Republic (Breiter et al., 
2006). 
3.6.9. Tungsten 
Tungsten mineralisation is dominantly associated with granitoid rocks, with all of 
the world’s biggest W mines situated in or near orogenic belts with granitoids 
(e.g. Hemerdon – Cornubian Batholith; Jiangxi Province, China - peraluminous 
granites with skarns).  The element is moderately siderophile when in its 
metallic form but under crustal conditions is highly mobile and lithophile and 
may substitute into major rock-forming minerals as W6+ (Brown and Pitfield, 
2014).  Tungsten does not occur as a free metal naturally instead forming 
compounds with other elements.  There are a number of W minerals but the 
most important are wolframite, which is a solid solution between ferberite 
(FeWO4) and hübnerite (MnWO4), along with scheelite (CaWO4).  Wolframite is 
commonly found associated with greisen deposits in SW England and scheelite 
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has also been described within the study area (Moore and Jackson, 1977; 
Halls, 1987). 
There is currently very limited research on W partitioning into common silicate 
minerals within granites.  It is demonstrated, however, that W can substitute into 
tri- and dioctahedral micas (Neiva, 1987; Neves, 1997) and brief studies in the 
1960s and 1980s showed the distribution of W within the biotite and muscovite 
micas of SW England (Hosking, 1964; Alderton and Moore, 1981).  The 
presence of both Li and F is shown to increase the abundance of W within 
granitic melts containing these elements in increased concentration, similar to 
Sn, Nb and Ta (Linnen, 1998). 
Tungsten is found in very low abundances in mafic and ultramafic rocks, 
typically <0.5 ppm (Taylor and McLennan, 1985).  Abundance is slightly higher 
in calc-alkali lamprophyres but these rocks shown evidence for crustal 
contamination of lamproite melts either through assimilation of crustal material 
or interaction with early-metamorphic crustal fluids during melting (Rock, 1991). 
3.6.10. Bismuth 
Bismuth is a chalcophile element that shows similar volatility to Sb and As and 
is enriched in continental crust relative to the primitive mantle.  Commonly 
associated with Au deposits, Bi is much more mobile under oxidising conditions 
remaining relatively immobile in reduced systems and is therefore commonly 
associated with magnetite-series metaluminous granites (Pohl, 2011).  
However, Bi mineralisation is recorded  in Cornwall with bismuthinite (Bi2S3) 
historically extracted and the granites showing higher concentrations of Bi 
relative to average concentrations on crustal rocks (Ball et al., 1982).  There are 
no partitioning studies of Bi for granitic rocks and currently no estimates of the 
Bi content of major rock-forming minerals. 
3.7. Cause of variation and concentration of incompatible 
elements in granite suites 
The metals of interest in this study are all trace elements and, as discussed 
above, largely incompatible during magmatic processes.  There are several 
magmatic processes that may enrich these metals and the following section will 
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discuss various processes that might enrich metals within peraluminous 
granites.  Linear trends on Harker and trace element plots may reflect one of 
several processes including partial melting (e.g. Harris et al., 1995), 
incorporation of restite material or a peritectic phase (e.g. Chappell et al., 1987), 
mixing with mantle-derived melts (e.g. Patiño-Douce, 1999; Slaby and Martin, 
2008), wall-rock assimilation (e.g. DePaolo, 1981), fluid overprint (e.g. Wang et 
al., 2003) or fractional crystallisation (e.g. Teixeira et al., 2012).  Ultimately, 
metal enrichment may be a combination of several processes (e.g. Jung et al., 
2000).  Source variation also contributes to granite variation (Nabelek and 
Bartlett, 1999). 
3.7.1. Varying degrees of partial melting 
There is a wealth of literature, from field-based to experimental studies, showing 
that metapelites and metagreywackes are the main sources of peraluminous 
granites (e.g. Huang and Wyllie, 1981; Clemens and Vielzeuf, 1987; Patiño-
Douce and Harris, 1998).  Melting of these sources in the middle to lower crust 
can produced significant quantities of melt in a variety of tectonic settings 
including Himalayan-type crustal collision or post-collision extensional regimes.  
The extent of melting may dictate the enrichment of different metals depending 
on their host minerals in the source. 
Melting of metapelites or metagreywackes must involve changes in 
temperature, pressure and / or the introduction of a fluid.  Barbarin (1996) 
identified differing melting conditions for genesis of peraluminous granites.  The 
muscovite-tourmaline or two-mica bearing (MPG) granites crystallise from 
water-rich melts.  These melts could be produced in major thrust or shear zones 
where fluids are abundant and help to induce melting.  Biotite-cordierite-bearing 
(CPG) granites form largely under “dry” conditions with their melting induced by 
underplating and injection of mantle-derived melts into the crust. 
Melt Reactions 
Melting of a typical metapelite (quartz-plagioclase-biotite-muscovite ± garnet ± 
Al2SiO5) begins with dehydration melting of muscovite at 665°C at 5 kbar in the 
reaction muscovite + quartz + plagioclase = K-feldspar + Al2SiO5 + melt 
(Clemens and Vielzeuf, 1987).  Biotite melting starts at higher temperatures, 
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typically 780 to 870°C, leaving K-feldspar and orthopyroxene or garnet as 
residual phases in the reaction biotite + Al2SiO5 + quartz + plagioclase = garnet 
/ orthopyroxene ± K-feldspar + melt (Harris and Inger, 1992; Spear et al., 1999).  
Any biotite left behind will become richer in Mg but will release Fe, Mn, Rb and 
Cs to the melt (Icenhower and London, 1995).  Melting of greywackes follows a 
similar path but assemblages are dominated by biotite, plagioclase and quartz 
with limited muscovite melting.  Typically, to reach the critical melt fraction (the 
amount of melt required for melt extraction) a combination of muscovite and 
biotite melting is required for melt separation unless a source is particularly 
enriched in muscovite (Patiño Douce and Johnston, 1991).  It may not be 
necessary to melt a fertile source if the degree of partial melting is low enough 
to still result in enrichment of incompatible elements (e.g. Manning and Hill, 
1990; Marignac and Cuney, 1999). 
Melting models 
The batch melting model is typically utilised for felsic melts rather than the 
fractional melting model due to the rheological behaviour of felsic melts 
(Rollinson, 1993).  Batch melting assumes that the melt remains in equilibrium 
with the solid until removal as a separate entity.  The process can be modelled 
using the equations of Shaw (1970): 
[3:1] CL / C0 = 1 / [D (1-F) + F] 
[3:2] CS / C0 = D / [D (1-F) + F] 
where: 
CL =Weight concentration of a trace element in the melt 
C0 =Weight concentration of a trace element in the source 
CS = Weight concentration of melt in the unmelted residue 
D =Bulk distribution coefficient 
F = Weight fraction of melt produced 
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Incompatible trace elements with low partition coefficient (KD) values would 
become concentrated in initial small fractions of melts, becoming increasingly 
diluted as F increases (Figure 3.3a).  This results in depletion in the batch 
melting residue (Figure 3.3b). 
 
Figure 3.3.  Batch melting (a) Variation in relative concentration of a trace element in a melt for 
changing degrees of partial melting as a function of D (Equation [3:1]).  (b) Variation in relative 
concentration of a trace element in the residue relative to the original source for varying degrees 
of F as a function  of D (Equation [3:2]). 
Combination of the batch melting equation with the melt reactions requires 
complex equations and the knowledge of partition coefficients for all of the 
phases involved at varying temperatures and pressures.  It is noted in that it is 
more realistic to assume equilibrium between melt and restite and to use a set 
partition coefficient (Harris and Inger, 1992).  
Typically, previous studies focused on combined batch melting and fractional 
crystallisation processes but, if a protolith is sufficiently enriched, deposits may 
form from batch melting alone.  An example of this is the Rössing U deposit, 
Namibia.  Hosted within a leucogranite, the deposit has been modelled to 
represent a low degree of partial melting of a fertile protolith (Cuney, 2009). 
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3.7.2. Fractional crystallisation 
Fractional crystallisation in granitic suites is not always represented by the 
formation of well-defined cumulate layers as in mafic suites.  Variations in 
mineral chemistry, for example, zoning in plagioclase, are interpreted to 
represent fractional crystallisation processes (e.g. Michael, 1984; Erdmann et 
al., 2009).  Crystals can become isolated from melt through sidewall boundary 
layer differentiation and whilst well defined cumulate layers may not always 
form, this will lead to concentration of incompatible elements away from the 
crystal accumulation towards the centre of plutons (Černŷ et al., 2005).  The 
extent of fractional crystallisation is dependent on several factors but is 
favoured by K-rich compositions, high melt content of fluxing elements (e.g. B, 
F) and shallow crustal settings (Černŷ et al., 2005).  Deformation can aid the 
crystal-liquid separation of a melt contributing to differentiation of the melt.  
Filter pressing can separate early formed minerals such as biotite and 
plagioclase producing more evolved granites (London, 1992).  The presence of 
gases and second boiling can also drive filter pressing, aiding the extraction of 
residual melts from crystal mushes (Sisson and Bacon, 1999).  
Examples of concentration of metals by fractional crystallisation include the 
Zaaiplaats Sn Deposit in the Bushveld (Groves and McCarthy, 1978) and the 
Dolbel Batholith in SW Niger (Pupier et al., 2008). Several previous studies 
involving fractional crystallisation models for granitic systems are in combination 
with batch melting; fractional crystallisation is rarely the controlling process 
alone (Singh and Singh, 2001; Williamson et al., 2010; Teixeira et al., 2012).  
The latter two studies by Williamson and Teixeira focus on enrichment of Sn 
within the peraluminous granites of Cornwall and Portugal respectively. 
Fractional crystallisation models 
The Rayleigh fractionation equation can be used to model fractional 
crystallisation in both mafic and felsic rocks.  The equilibrium fractionation 
model is not suitable for use as this assumes equilibrium between melt and 
crystals and no removal of crystals from the site of formation.  Rayleigh 
fractionation is represented by the equations: 
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[3:3] CL / C0 = F
(D-1) 
[3:4] CR / C0 = DF
(D-1) 
where the parameters are the same as equations [3:1] and [3:2] above but F is 
now the fraction of melt remaining and CR is the weight concentration of a trace 
element in the residual solid (Rollinson, 1993; Robb, 2005).  Incompatible 
elements, such as those in this study, would be expected to concentrate within 
any melt remaining after crystallisation (Figure 3.4). 
 
Figure 3.4.  Rayleigh Fractionation (a) Variation in relative concentration of a trace element in a 
melt for changing degrees of fractional crystallisation as a function of D ([Equation 3:3]).  
(b) Variation in relative concentration of a trace element in the fractionating residue relative to 
the original source for varying degrees of F as a function  of D ([Equation 3:4]). 
3.7.3. Restite separation 
Restite separation or unmixing, championed predominantly by Chappell and 
White (e.g. 1987,1991), is the mechanism by which granitic melts retain crystals 
or crystal aggregates that have not undergone partial melting from the source 
rock (e.g. Chappell et al., 1987).  Linear lines on Harker variation diagrams 
were interpreted as representing unmixing of SiO2-poor and SiO2-rich melt 
fractions with the SiO2-poor fraction representing the fractionation of the restite 
material (Chappell and White, 1991).  It is suggested that compositional 
variation of granites can be attributed to varying degrees of separation of melt 
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and restite.  Metasedimentary enclaves represent restitic fragments and 
minerals such as cordierite, plagioclase and alkali feldspar may be restitic in 
origin (e.g. Williamson et al., 1997a).  Chappell and White later extended the 
restite model to define “high-temperature” restite free fractionated granites 
associated with mineralisation and “low-temperature” restite rich granites not 
associated with mineralisation due to metals such as Sn being “locked up” in 
restite minerals such as titanite (Chappell et al., 2004).   
Conversely, it has been shown experimentally that peraluminous granites 
intruded at high levels within the crust cannot retain restitic material with several 
authors arguing against the restite model.  The lack of melt-depleted 
compositions of minerals in metasedimentary enclaves, along with the lack of 
enclaves containing minerals such as garnet and pyroxene (present in restitic 
material after biotite melting) are invoked as evidence against the restite model 
(Clemens, 2003).  It has been further shown that granitic magmas can dissolve 
restitic crystals during or after ascent (Clemens et al., 1997).  It may be possible 
that a proportion of the Zr content of a granite could be contained within restitic 
zircon but how this translates to other metals such as Sn and W has never been 
ascertained (Clemens, 2003). Ultimately, during melting processes, many 
critical metals are presumed to be incompatible, and would be expected to 
partition into the melt.  A high restite component within a granite could therefore 
result in a depletion of critical metals, as shown by Chappell et al. (2004) for Sn 
and W. 
3.7.4. Magma mingling and / or mixing 
Mingling or mixing between mantle, lower and middle crustal components has 
been shown to produce a wide variation in granitoids (e.g. Collins, 1996).  
Magma mingling has been evoked in granitic suites that contain microgranular 
mafic enclaves (MMEs) as a process controlling granite petrogenesis (Didier 
and Barbarin, 1991; Stimac et al., 1995).  Harker plots with linear mixing lines 
and variations in isotopic composition have been previously invoked to show 
magma mixing, although as discussed above, these trends have also been 
invoked as support for the restite model.  The occurrence of coeval 
lamprophyres within granitic terrains has previously been thought to imply 
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mixing between granitic and mantle melts with transfer of metals from the 
mantle to the granitic melts (Seifert, 2008). 
The contribution of any metals from a mafic melt is dependent upon the rate of 
thermal equilibration with the surrounding felsic melt.  If a mafic melt 
crystallises, for example forming an enclave, this implies the temperature 
difference between the magmas is great or there is a much greater volume of 
silicic magma present (Sparks and Marshall, 1986).  True hybridisation can only 
occur when both melts behave as liquids at the same temperature and this may 
not occur in shallow emplacement sites or where the silicic magma dominates 
(Annen and Sparks, 2002).  There may be limited chemical exchange in felsic-
rich melts emplaced at shallow levels in the crust, evidenced by enclave 
reaction zones, disequilibrium mineral assemblages or melting zones adjacent 
to mafic intrusions (Clemens, 2013).  In a review of experimental studies Patiño-
Douce (1999) concluded that all granitic melts, with the exception of 
peraluminous leucogranites such as those in the Himalayas, have a mafic 
contribution.  
3.7.5. Assimilation / contamination 
Evidence for country rock interaction with granitic melts is widespread with 
metasedimentary enclaves that retain sedimentary structures common in 
batholiths.  Granites may contain fragments of country rock but limited 
assimilation occurs if the melt has risen quickly (Clemens, 2003) with minerals 
such as cordierite, sillimanite and andalusite often attributed to crustal 
assimilation (e.g. Clarke, 1995; Clarke et al., 2005).  The extent of 
contamination of a granitic magma by country rock can vary with studies 
showing that assimilation of country rock with a metaluminous magma can 
produce peraluminous melts (e.g. Ugidos and Recio, 1993).  Increasing 
87Sr/86Sr isotope ratios with differentiation may represent assimilation and high 
and δ
13C and NH4
+ may indicate assimilation or exchange with sedimentary 
material (e.g. DePaolo, 1981). 
3.7.6. Post-magmatic processes 
A metasomatic origin of rare metal granites (Sn-W-Ta-Nb) rich granites has 
been proposed with the post-magmatic processes of albitisation and 
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topazisation described in highly evolved rare metal granites (e.g. Beus and 
Zalashkova, 1964).  Metasomatism is due to leaching of metals from the lower 
parts of plutons by postmagmatic fluids with subsequent deposition in the roof 
zones of plutons resulting in rare metal enrichment.  A metasomatic origin 
involving derivation of Li-mica topaz granite from earlier formed biotite granite 
was previously proposed for origin of the topaz granites of the Tregonning 
Granite although this theory was later revised (Stone, 1975; 1992).   
The concept of all Sn-rich granites forming through metasomatic processes has 
been largely disproven in the last couple of decades.  Experimental studies, 
including those based on Cornish granites, show that magmatic albite can occur 
(e.g. Pichavant and Manning, 1984; Weidner and Martin, 1987).  Volcanic rocks 
such as macusanites and ongonites are extrusive expressions of unusual 
granite types such as rare metal granites.  Studies have also utilised igneous 
textures and geochemical data along with field relations, such as the lack of 
alteration of surrounding country rocks in proposed metasomatic granites to 
show that metasomatism cannot have occurred (e.g. Cuney et al., 1992a; 
Moura et al., 2007).  Granites corresponding to the minimum-temperature 
composition of Tuttle and Bowen (1958) in the Qtz-Ab-Or-H2O system or the 
haplogranite-H2O-F system of Manning (1981b) are often used as evidence that 
metasomatic or hydrothermal processes have not occurred in Sn granites and 
enrichment of Sn is due to other processes such as fractional crystallisation 
(Schwartz, 1992; Chappell, 1996a). 
However, some fluid overprint of granite, if not total replacement, can occur.  
Subsolidus crystallisation of muscovite is recorded in SW England (Charoy, 
1986) and topaz can form as a subsolidus mineral (e.g. Haapala, 1997).  
Ultimately, the distinction between magmatic and post-magmatic (subsolidus) 
processes can be difficult to distinguish from hydrothermal processes. 
3.8. Comparison of selected deposits to Cornubian granites 
There are a number of deposits associated with critical metals that have an 
association with peraluminous granite suites such as the Cornubian Batholith.  
Table 3.3 summarises the features of some of these selected deposits along 
with their metal content and dominant controls on granite variation, metal 
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enrichment and emplacement.  All of the selected deposits are associated with 
peraluminous granites.  The lack of localities associated with metals such as 
Ge, Ga and In represents a lack of literature on these metals.  Most similar to 
the biotite granites in SW England are the Portuguese granites, which have a 
similar mineralogy and geochemistry and are the only example to also contain 
tourmaline as a major mineral.  The Beauvoir Granite, Massif Central, France, 
appears comparable to the topaz granites of Tregonning and St. Austell, with 
elevated abundances of Li, F, Sn, Nb and Ta.  What is evident from Table 3.3 is 
that often multiple processes are invoked to explain metal enrichment and 
granite variation.
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Table 3.3.  Peraluminous granite intrusions linked to deposits of critical metals including dominant features and process controlling variation. 
Granite / 
Province 
Beauvoir, 
Echassières, 
Massif Central, 
France
(1)(2)
 
Davis Lake, Nova 
Scotia
(3)
 
Carrazeda de 
Ansiães, 
Portugal
(4)
 
Krŭsné 
Hory/Erzgebirge, 
Czech Republic 
/Germany (1)
(5)
 
Mount Pleasant, 
Canada
(6) 
Jiangnan 
granites, 
Dahutang area, 
China
(7)
 
Bullenbalong 
Supersuite, 
Lachlan Fold 
Belt, Australia
(8)
 
Granite type S-type S-type S-type S-type / A-type A-type S-type S-type 
Age 320-300 Ma ~370 Ma 324-318 Ma 330-290 Ma 360 Ma 130-144 Ma Silurian 
Geological 
setting 
Post-orogenic, 
regional shear 
zone 
Post-orogenic 
Syn-orogenic, 
transcurrent shear 
zone 
Post-orogenic, 
regional shear 
zone 
Continental rift 
caldera complex 
Post-orogenic 
extensional regime 
Syn- to post-
orogenic 
Mineralogy 
Albite, topaz, 
lepidolite, apatite, 
zircon. 
Biotite, muscovite, 
cordierite, garnet, 
apatite, zircon. 
Biotite, muscovite, 
tourmaline, zircon, 
apatite, rutile. 
Albite, ferroan 
polylithionite , 
topaz, fluorite. 
Albite, biotite, 
fluorite, topaz. 
Albite, muscovite > 
biotite. 
Biotite, cordierite, 
almandine, 
hypersthene. 
Critical 
metals 
Sn, Li, Nb, Ta, W, 
Be 
Sn, Nb, Ta Sn, W 
Sn, W, Nb, Ta, Li, 
Be 
In, W, Bi, Sn 
W, Sn, Bi, Be, Li, 
Ta 
No mineralisation 
(see discussion in 
section 3.7.3.) 
Associated 
elements 
Zn, U, P, F U F, B Mo, U, F Mo, U, F F, Cu 
Source 
Volatile-enriched 
metasediments 
Lower crustal 
metasediments 
Heterogeneous 
metapelites 
Micaceous 
metapelite 
Metaigneous rocks Metapelites 
Heterogeneous 
metasediments 
T/P 
constraints 
80 MPa, 550°C 
(solidus) 
4 kbar, ~800°C to 
600°C 
Unknown 
30-50 MPa, 660°C 
(solidus) 
1-2 kbar 690-
730°C 
680-750°C 5-6 kbar, 800°C 
Process(es) 
Low degree of 
partial melting; 
fractional 
crystallisation; 
hydrothermal 
overprint (Sn). 
Source 
dehydration 
melting; fractional 
crystallisation. 
Low degrees of 
partial melting; 
fractional 
crystallisation; 
wallrock 
assimilation. 
Small degree of 
partial melting; 
Fractional 
crystallisation. 
Metasomatic 
replacement of 
early-formed biotite 
granite. 
Wet anatexis of 
metapelites due to 
asthenospheric 
upwelling; 
fractional 
crystallisation. 
Partial melting, 
restite unmixing. 
(1) Cuney et al. (1992b); (2) Raimbault et al. (1995); (3) Dostal and Chatterjee (1995); (4) Teixeira et al. (2012); (5) Breiter (2012); (6) Taylor (1992); (7) Huang and 
Jiang (2014): (8) Chappell et al. (1987)
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Chapter 4:  Methodologies and ICP-MS method 
development 
4.1. Sample collection and preparation 
Samples were collected, where possible, from working or disused granite 
quarries and quarry or mine waste dumps in the region to minimise the effects 
of weathering (Figure 4.1).  A lump hammer was used to take samples from 
outcrops.  Typically, coastal and moorland exposures of granite are heavily 
weathered with extensive lichen cover and were avoided.  Grain size has been 
considered, with larger samples (up to 4 kg) taken of coarse-grained granites 
and granites containing phenocrysts.  Several samples from the St. Austell 
Granite and the sample of the Hemerdon Granite came from the drill core 
collections of Imerys Ltd. and Wolf Minerals respectively.  Sample locations 
were recorded using a Garmin eTrex GPS and recorded onto pre-printed base 
maps at a range of scales. 
Additional samples from the Land’s End Granite came from the collection of 
Axel Müller’s study of the Land’s End Granite (Müller et al., 2006a) held at the 
Natural History Museum, London.  Enclave samples came from James Stimac’s 
study (Stimac et al., 1995) held in the Camborne School of Mines (CSM) 
collection.  Four lamprophyre samples were also sourced from the CSM 
collection.  A summary of the samples is given in Appendix 1. 
 
Figure 4.1.  Typical sampling locations (a) Castle-an-Dinas Quarry, Land’s End Granite.  (b) 
Cheesewring Quarry, Bodmin Moor Granite. 
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For analysis, samples were crushed and ground (Figure 4.2).  Quartz cleaning 
of the grinding barrel was carried out between samples in order to minimise the 
risk of contamination.  An agate barrel was used for grinding in order to 
minimise the contamination for inductively coupled plasma mass spectrometry 
(ICP-MS) analysis.   
Figure 4.2.  Flow chart summarising the processing of samples from collection to grinding. 
Starting sample 2-4 kg
depending on grainsize and
phenocryst abundance
Remove weathered edges
using diamond saw, chisel
or hydraulic jack
Split sample into fist
sized pieces using lump
hammer or hydraulic jack
Coarse crush samples
using jaw crusher
Fine crush coarse crush
using jaw crusher
Split fine crush using
Riffle box
100g +/- 20g 
fine crush portion
obtained?
Grind 100g portion using
Tema Mill and agate barrel. 
Quartz clean between samples.
Sample processed and
ready for analysis
Send a fist sized piece
for thin section preparation
No
Yes
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4.2. Optical and electron microscopy methods 
Polished petrographic thin sections were prepared at Camborne School of 
Mines.  Optical analysis was undertaken using a Nikon Eclipse E600 Pol with 
photomicrographs taken with a Nikon Digital Sight 5MP camera and NIS 
Elements f3.0 software.  Selected samples, representative of the range of rock 
types in the study, were carbon coated to a thickness of 25 nm and analysed by 
a scanning electron microscope (SEM), an electron-probe microanalyser 
(EPMA) with additional automated mineralogical techniques applied using 
QEMSCAN®.  Scanning electron microscopy was carried out on a JEOL JSM-
5400 SEM fitted with an X-ray energy dispersive spectrometer (EDS) and back 
scattered electron (BSE) detector.  The SEM was run in high vacuum mode at  
7 x 10-4 Pa with an accelerating voltage of 25kV. 
Electron microprobe analysis was carried out on a JEOL JXA-8200 superprobe 
with four wavelength dispersive detectors.  Two of the detectors have a high 
count rate suitable for analysis of trace elements.  For EPMA analysis, a 10 μm 
spot was used to minimise loss of F and Na with an accelerating voltage of 15 
kV and charge of 1.5 x 10-8 nA.  Only major elements and F were analysed by 
EPMA with the standards used outlined in Table 4.1.  Calibration was checked 
using a secondary standard (AST-Biotite) as this standard contained the 
elements in a similar proportion to those expected in the unknown samples.  
Detection limits, taken as three times the standard deviation of the background, 
were calculated by the instrument software for individual points. 
Table 4.1.  Elements and standards for EPMA analysis with typical detection limits. 
Element Standard Typical detection (wt. %) 
F AST-Fluorite 0.04 
Na AST-Jadeite 0.06 
Ti AST-Rutile 0.20 
K AST-Orthoclase 0.03 
Al AST-Pyrope 0.30 
Ca AST-Diopside 0.03 
Si AST-Orthoclase 0.20 
Mn AST-Bustanite 0.08 
Mg AST-Diopside 0.05 
Fe AST-Hematite 0.10 
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4.3. LA-ICP-MS analysis 
Laser-ablation inductively coupled spectroscopy (LA-ICP-MS) analysis was 
carried out over three consecutive days using an Agilent 7500 ICP-MS with a 
New Wave 213 laser system at the Open University, Milton Keynes, UK.  
Samples were ablated using a laser spot diameter of 100 μm and a repetition 
rate of 18 Hz with 70s of analysis time (30s background, 40s ablation).  The 
ICP-MS was tuned prior to analysis to ensure low oxide and doubly charged ion 
production rates.  An extensive suite of elements was analysed, in part 
determined by Dr. Frances Jenner (Open University): 7Li, 27Al, 29Si, 43Ca, 45Sc, 
49Ti, 51V, 53Cr, 57Fe, 65Cu, 66Zn, 93Nb, 115In, 118Sn, 137Ba, 139La, 140Ce, 141Pr, 
146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 
181Ta, 182W, 207Pb, 232Th and 238U.  Critical metals Be and Ge were not analysed 
due to known problems with these elements on the instrument. 
Eight selected samples were prepared as 100 μm thick polished thin sections.  
The samples chosen contained a range of trioctahedral (biotite group) mica and 
plagioclase compositions along with topaz and cordierite in a range of mineral 
assemblages.  Sections were examined using optical microscopy and whole-
section photographs were prepared to aid navigation during LA-ICP-MS 
analysis.   
Analyses of the unknown minerals were collected in batches of 12 with BCR-2G 
used as a secondary standard between batches and NIST 612 as the primary 
standard.  Data were calibrated to the silica content determined by EPMA 
analysis with NIST standard reference material (SRM) 612 and BCR-2 used as 
certified reference material with the published critical metal values of Jenner 
and O'Neill (2012).  Data were processed using an Excel spreadsheet 
developed by Dr. Frances Jenner and included correction of instrument drift, 
removal of spurious points, variation from SRM values and automatic 
determination of analyses lying beneath the detection limit.  Detection limits 
were determined per point with typical detection limits summarised in Table 4.2. 
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Table 4.2.  Typical detection limits for LA-ICP-MS analysis. 
Isotope Detection (ppm) Isotope Detection (ppm) 
7
Li 0.15 
115
In 0.01 
24
Mg 0.20 
118
Sn 0.10 
27
Al 0.01 
137
Ba 0.15 
29
Si 0.01 
139
La 0.2 
43
Ca 0.01 
140
Ce 0.01 
45
Sc 0.08 
141
Pr 0.01 
49
Ti 0.80 
146
Nd 0.05 
51
V 0.03 
147
Sm 0.07 
53
Cr 0.45 
153
Eu 0.01 
55
Mn 0.18 
157
Gd 0.08 
57
Fe 7.50 
159
Tb 0.01 
59
Co 0.13 
163
Dy 0.04 
60
Ni 0.24 
165
Ho 0.01 
65
Cu 0.23 
166
Er 0.02 
66
Zn 0.36 
169
Tm 0.01 
69
Ga 0.10 
172
Yb 0.02 
71
Ga 0.08 
175
Lu 0.01 
85
Rb 0.10 
181
Ta 0.01 
88
Sr 0.03 
182
W 0.03 
89
Y 0.02 
207
Pb 0.06 
90
Zr 0.03 
232
Th 0.01 
93
Nb 0.02 
238
U 0.01 
 
4.6. Mineral formulae calculations 
Mineral formulae were calculated for trioctahedral micas, dioctahedral 
(muscovite) micas, tourmaline, alkali feldspar, plagioclase feldspar, topaz and 
cordierite using a consistent method.  For all of the mineral formulae, data from 
EPMA analysis in weight percent of each oxide were divided by the formula 
weight of the oxide.  This resultant number was multiplied by the number of 
oxygens in the oxide formula (e.g. SiO2 = 2) giving an “oxygen number”.  For 
each mineral, a normalisation value was then calculated by dividing the number 
of oxygens in the desired formula by the sum of the “oxygen number”.  The 
normalised oxygen numbers for each oxide were multiplied by the number of 
cations per oxygen in the oxide formula (e.g. SiO2 = 1).  The final cations were 
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then assigned to their most likely crystallographic sites based on their 
coordination numbers giving atoms per formula unit for each element.  
Feldspars are described by their orthoclase, albite and anorthite content, 
requiring further calculation (Table 4.3). 
Table 4.3.  General formulae, desired oxygen in formula and additional considerations outside 
of the cation allocation for major minerals.  apfu = atoms per formula unit; □ = vacancy. 
Mineral General formula Desired  
oxygen 
Additional considerations outside 
of cation allocation 
Feldspar XAlSi3O8 8 Orthoclase = K/(K+Ca+Na)*100 (apfu) 
Albite = Na/(K+Ca+Na)*100 (apfu) 
Anorthite = Ca/(K+Ca+Na)*100 (apfu) 
Trioctahedral  
mica 
X2Y4-6[Si6Al2O20](OH,F)4 22 Excess Al in Y-site; OH = 4 – F (apfu); 
Li = (0.289*SiO2)-9.658 
Dioctahedral  
mica 
X2Y4-6[Si6Al2O20](OH,F)4 22 Excess Al in Y-site; OH = 4 – F (apfu); 
Li = 0.336*(F^1.326) 
Tourmaline XY2Al6(T6O18)(BO3)3OH3W 31 B = assumed 3 apfu; Li = 15 apfu – 
(Y+T+X); □ = 1 – X-site cations; OH = 
4 – F; Excess Al in Y-site 
Topaz Al2SiO4(F,OH)2 4 OH = 2 - F 
Cordierite X0-1M2Al4Si5O18 18 None 
 
For the micas and tourmaline, where Li was not measured by LA-ICP-MS, Li 
was calculated for dioctahedral and trioctahedral micas using the equations of 
Tischendorf et al. (1997a) and Tindle and Webb (1990) as these are applied in 
other studies of mica chemistry (e.g. Stone, 2000b; Müller et al., 2006a).  
Tourmaline Li abundances were calculated using the equation of Clark (2007).  
There is good agreement between measured and calculated Li for the micas but 
very poor agreement for tourmaline,  The calculation of Li for tourmaline 
assumes that there are 15 apfu in the Y-, T- and X-sites and does not account 
for the presence of vacancies (Figure 4.3).  Due to the disparity, only measured 
Li was utilised for tourmaline. 
All Fe in the formulae for micas, tourmaline and cordierite is reported as Fe2+ 
(Fetot), partly due to the reduced nature of peraluminous granites (e.g. Blevin 
and Chappell, 1992).  Within micas, Fe is difficult to calculate as Fe2+ or Fe3+ as 
site vacancies are common and the state of Fe can be partially dependent on 
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the behaviour of other elements, particularly Mn, which can be trivalent or 
divalent.  All mineral formula calculations were checked using previous data 
from Henderson and Martin (1989), London and Manning (1995), Stone (2000b) 
and Müller et al. (2006a) all of which report Fe as Fe2+ and use the same 
equations for calculation of Li. 
 
Figure 4.3.  Comparison of calculated and measured Li in trioctahedral micas, dioctahedral 
micas and tourmaline. 
4.5. X-Ray fluorescence (XRF) analysis 
Major and trace element whole rock data were determined by X-ray 
fluorescence (XRF) spectroscopy using a Panalytical Axios Advances 
wavelength dispersive XRF at Activation Laboratories, Ancaster, Canada using 
sets of standard reference materials (SRMs).  For major elements, samples 
were prepared as fused beads as per the procedures described by  Actlabs 
(2014b) with trace elements analysed as powder pellets prepared as per the 
procedures also described by Actlabs (2014a). Fused bead XRF was used to 
determine SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O and P2O5 with 
pressed pellet XRF used to determine Ba, Cr, Cs, Cu, Ga, Ni, Pb, Rb, Sc, Sr, 
Th, U, V, Y, Zn and Zr.  Additional elements analysed by XRF included La, Sn, 
Nb and As to compare with ICP-MS data.  Loss on ignition (LOI) data were 
included as part of the major element package.  15 g of ground material was 
sent, along with 1 duplicate, labelled with a different sample name for every 10 
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samples.  Duplicate data correlated strongly showing an R2 value of 0.99-1.0 
(Figure 4.4). 
 
 Figure 4.4.  Comparison of sample and duplicate data for XRF samples showing reproducibility 
of XRF data.  (a) Major elements (b) Trace elements. 
Precision, calculated as the ([2 x standard deviation] / mean) x 100, shows that 
at the 95% confidence level the precision for all elements is <5% with Th and U 
showing precisions of >5% possibly due to analyses lying close to the detection 
limit. 
4.6. ICP-MS method development 
ICP-MS is a destructive multi-element analytical technique that can detect the 
majority of elements in the periodic table in a single measurement and has been 
successfully used for trace element analysis in granites (e.g. Müller et al., 
2006a; Hu and Gao, 2008).  For analysis, rock samples need to be dissolved.  
Ensuring the effective dissolution of samples, particularly granites which can 
contain many refractory minerals such as zircon, is paramount to ensuring 
accurate ICP-MS analysis.  In this study, ICP-MS was used to determine Li, Be, 
Ge, As, Nb, In, Sn, Sb, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu, Ta, 
W, Tl and Bi. 
Given the lack of published analyses for some of the metals important to this 
study, particularly In, methods had to be tested and refined for ICP-MS analysis 
to ensure that all of the metals were recovered during sample dissolution.  
Similar issues exist in LA-ICP-MS analysis, with few analyses of metals such as 
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In and W.  Problems involving lack of SRM with published In, Ge, Ga and W 
values are discussed along with issues surrounding the complete dissolution of 
a range of samples (e.g. granites, metasedimentary rocks and lamprophyres).   
4.6.1. Review and correction of interferences 
ICP-MS data can be affected by interferences of which there are three main 
types: isobaric, polyatomic and doubly-charged ions.  Isobaric interferences are 
direct overlaps of isotopes, for example 115In and 115Sn.  These are avoided by 
choosing isotopes that do not overlap but data can be corrected if there are no 
available overlap-free isotopes.  Polyatomic interferences are due to the 
combination of sample and matrix ions with Ar or other matrix components such 
as O or H.  The polyatomic interferences will vary depending on which acid is 
used for sample dilution at the end of sample dissolution.  These interferences 
can also be avoided by using an isotope that is not affected but often this is not 
possible.  Doubly-charged ion interferences such as 138Ba2+ on 69Ga can be 
minimised by optimising instrument settings prior to analysis (Thomas, 2008).  
It is recommended by Agilent, the manufacturer of the ICP-MS used in this 
study, that a range of elements is analysed in “He or HEHe gas collision mode” 
to aid removal of any large oxide ions that form.  As He is inert it does not react 
with the sample but He atoms will collide with any larger particles that may form, 
resulting in energy loss and prevention of transmission of these particles into 
the mass analyser.  Whilst He mode will suffice for the majority of polyatomic 
interferences, any elements thought to be present in low abundance (sub 1 
ppm) should be run in high energy He (HEHe) mode.  In HEHe mode, there is a 
higher He gas flow rate and a high collision/reaction cell potential resulting in a 
greater He ion energy ensuring better disassociation of polyatomic ions (e.g. 
Quemet et al., 2012).  Isotopes that were analysed for in this study and their 
interferences is shown in Table 4.4. 
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Table 4.4.  Isotopes of analytes, recommended analysis mode and possible interferences 
during ICP-MS analysis.  From May and Wiedmeyer (1998) and Raut et al. (2005). 
Isotope Analysis mode Isotope abundance (%) Interferences 
7
Li No gas 92.41 - 
9
Be No gas 100 - 
72
Ge He 27.31 
36
Ar2+, 
56
Fe
16
O
+
, 
40
Ca
16
O2
+ 
75
As He 100 
59
Co
16
O
+
, 
43
Ca
16
O2, 
36
Ar
39
K 
93
Nb He 100 
- 
115
In HEHe 95.71 
115
Sn (0.34%) 
118
Sn He 24.22 
102
Ru
16
O
+
, 
102
Pd
16
O
+ 
121
Sb He 57.21 
105
Pd
16
O
+ 
139
La He 99.91 - 
140
Ce He 88.45 - 
141
Pr He 100 - 
146
Nd HEHe 17.20 
130
Ba
16
O 
147
Sm HEHe 14.99 
130
BaOH 
153
Eu HEHe 47.81 
137
Ba
16
O+, 
136
Ba
16
O
1
H 
157
Gd HEHe 15.65 
141
Pr
16
O+ 
163
Dy HEHe 24.90 
147
Sm
16
O+ 
165
Ho HEHe 100 
149
Sm
16
O 
166
Er HEHe 33.50 
150
Sm
16
O, 
150
Nd
16
O 
169
Tm HEHe 100 
153
Eu
16
O+ 
172
Yb HEHe 21.83 
156
Dy
16
O+, 
156
Gd
16
O+ 
175
Lu HEHe 97.41 
159
Tb
16
O+ 
181
Ta He 99.99 
165
Ho
16
O+ 
182
W He 26.50 
166
Er
16
O+ 
205
Tl He 70.48 - 
209
Bi He 100 
193
Ir
16
O
+ 
 
Polyatomic Ba compounds are common interferences for the rare earth 
elements (REE).  Consistency of REE values during ICP-MS method 
development was good with SRM recovery consistent.  Chondrite normalised 
REE diagrams for SRM were also uniform and as such it was deemed that Ba 
would not need to be analysed and no correction equation applied.  Standard 
reference material REE values remained steady throughout analysis (Figure 
4.5). 
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Figure 4.5.  Reproducibility of REE SRM data across all ICP-MS runs. 
Only one isobaric interference, the overlap of 115Sn on 115In, required correction.  
The isotope correction was calculated using a method from Raut et al. (2005) 
and Thomas (2008). The isotope 118Sn+ is measured and a ratio of 118Sn+ to 
115Sn+ is calculated based on the natural abundances of the Sn isotopes using 
the equation: 
X’ = Mass X – (A/A’)B  
where:  
 X’ is the isotope for the element of interest (115In+) 
 Mass X is the total counts per second (CPS) at the wanted mass (115) 
 A and Aʹ are the natural abundances of the interfering and monitored 
isotopes (115Sn+ / 118Sn+) in %. 
 B the total CPS of the interfering isotope (118Sn+) 
For 115In, the equation becomes: 
115In+ = total CPS at mass 115 – (115Sn+ / 118Sn+)*(CPS118Sn+) 
115In+ = total CPS at mass 115 – (0.34 /24.22)*(CPS118Sn+) 
*115In+ = total CPS at mass 115 – (0.01404)*(CPS118Sn+) 
The correction was applied to every result for 115In+.  This method was 
successfully utilised in the study of In pollution in the environment (O'Connell 
White, 2002). 
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4.6.2. Sample preparation methods 
Three methods of sample preparation are available at CSM: multi acid 
digestion, sodium peroxide sintering and microwave dissolution.  Microwave 
dissolution was not trialled as this is well known as being an ineffective method 
for dissolution of granite samples (e.g. Yu et al., 2001).  Although there are 
facilities for lithium metaborate fusions, this method would result in the loss of Li 
and B analysis for all users of the ICP-MS and so this preparation technique 
was not available. 
The method for sodium peroxide sintering was adapted from Yu et al. (2001).  
0.4 g of 99.9% purity Na2O2 was weighed into a clean zirconium crucible, 0.1 g 
of finely ground sample added and mixed thoroughly.  This mixture was sintered 
for one hour in a furnace at 480 ºC, removed and left to cool for approximately 
half an hour.  Drops of deionised (DI) water were added and when the resultant 
reaction ceased, 2 ml nitric acid (HNO3) and 10 ml of DI water were added to 
dissolve the remaining residue.  In the first trial, the solutions were diluted to 50 
ml using DI water.  Problems with instrument drift and high total dissolved solids 
(TDS) required an additional rinsing step, where the solutions were left to settle, 
with the clear residue disposed of (Cotta and Enzweiler, 2012).  The remaining 
solutions were then diluted to 50 ml using DI water as before and then diluted 
further by taking 5 ml of this solution and making another 50 ml solution giving 
an overall dilution factor of 5000. 
The method for multi acid dissolution of samples was adapted Garbe-
Schönberg (1993) and Yu et al. (2001).  For dissolution, perchloric (HClO3) acid 
(65%), hydrochloric (HCl) acid (32%), hydrofluoric (HF) acid (40%) and HNO3 
(67%) were used.  0.25 g of ground sample was added to a Teflon holder with 4 
ml of HF, 3 ml HCl and 1 ml HNO3 added.  The holders were closed and shaken 
before being added to an evaporation block at 160°C.  After 16 hours, the 
holders were removed and left to cool then 1 ml of HClO3 was added and the 
contents of the holder were evaporated to incipient dryness in the evaporation 
block at 190ºC for 1-2 hours.  The evaporation process was repeated using 1 ml 
HNO3 and 2 ml DI water at 190ºC for 40 minutes.  2.5 ml HNO3 and 47.5 ml DI 
water were added, the holders closed and the solution warmed in the 
evaporation block for 15 minutes before cooling.  Finally, the solution was 
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rinsed into a 50 ml holder and made up to 50 ml with DI water.  This method 
gives a 5 gl-1 solution with a dilution factor of 200.   
4.6.3. Internal standard and calibration 
Terbium (159Tb) was used as an internal standard and was prepared as a 500 
ppb solution from a 10 ppm stock solution.  This element was assumed to be 
present in low abundances in the samples, is mono isotopic and is free from 
doubly charged ion effects and as such is suitable for use as an internal 
standard.  Typically, ICP-MS analyses use 115In  as a standard, clearly not 
appropriate in this study.  Multi-element calibration standards were prepared as 
1000 ppb, 200 ppb, 40 ppb, 8 ppb, 1.6 ppb and 0 ppb solutions by serial dilution 
(except for the 0 ppb solution) from a 10 ppm stock solution and 5% HNO3.  The 
40 ppb solution was monitored throughout analysis to observe instrument drift. 
4.6.4. Instrument tuning and output 
The solutions were analysed by an Agilent 7700 quadrupole ICP-MS with 
platinum cones using similar instrument conditions for each analysis.  The 
instrument was tuned prior to each analysis to ensure the best settings were 
achieved, this usually meant slight adjustments in the sampling depth and gas 
flow rate.  During this tuning it was ensured that the percentage of doubled 
charged ions and oxides was less than 2%. 
Output from the Agilent MassHunter Workstation software was in the form of an 
Excel spreadsheet containing measured concentrations in ppb and CPS, both 
with relative standards deviations (RSDs).  For each analytical run a set method 
for data processing was followed (Figure 4.6). 
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Figure 4.6.  ICP-MS data handling for each analytical run. 
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4.6.5. Detection limits 
Detection limits were calculated as limits of quantification (LOQ) at 10 times the 
standard deviation of 10 blanks.  The LOQ was used rather than the limit of 
detection (LOD) at 3 times the standard deviation of 10 blanks to minimise the 
uncertainty associated with the overlap between the standard deviation and 
LOD (Table 4.5). 
Despite using high purity sodium peroxide (99.9%), the impurities were found to 
not be confined to one or two elements but spread across the entire suite of 
elements tested affecting the detection limits.  Detection limits for La, Ce, Nd, 
Sn , Sb and W were particularly unacceptable as previous data suggested it 
was expected that many of the granite samples would have abundances of 
these elements below the detection limits.  The Li, Nb and As LOQs were also 
much higher than the multi acid LOQs.  The LOQs for multi acid digestions were 
at much more acceptable levels with LOQs as low as 0.03 ppm for In, Er and 
Lu. Trace element data are reported to three decimal places in Appendix 4, but 
note LOQs in Table 4.5 which constrain precision for several of the elements to 
a minimum of 0.03 ppm.  
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Table 4.5.  Detection limits (LOQs) for sodium peroxide and multi-acid preparation methods 
(ppm).  
Element Sodium peroxide Multi-acid 
7
Li 22.69 1.14 
9
Be 0.27 0.07 
72
Ge 0.51 0.50 
75
As 7.79 1.59 
93
Nb 1.69 0.26 
115
In 0.35 0.03 
118
Sn 5.12 0.22 
121
Sb 1.17 0.06 
181
Ta 0.74 0.29 
182
W 4.08 0.97 
205
Tl 0.06 0.21 
209
Bi 0.08 0.06 
139
La 4.91 0.32 
140
Ce 3.25 0.61 
141
Pr 0.50 0.30 
146
Nd 2.10 0.30 
147
Sm 0.47 0.35 
153
Eu 0.34 0.03 
157
Gd 0.29 0.09 
163
Dy 0.27 0.22 
165
Ho 0.39 0.08 
166
Er 0.32 0.05 
169
Tm 0.34 0.04 
172
Yb 0.30 0.11 
175
Lu 0.40 0.03 
 
4.6.6. Reference material 
The only certified SRM available containing all of the elements being analysed 
for was a Chinese soil sample.  This was deemed inappropriate for use as a 
SRM due to disparity between the matrix of the SRM and the samples in this 
study.  Due to the lack of a suitable standard reference material containing In 
with a granite matrix, an in-house standard was manufactured.  Two granite 
samples (ST01 and ST02), both coarse-grained porphyritic biotite granites, 
were collected from Holman’s Test Mine, Cornwall.  These samples were 
crushed using a jaw crusher and ground for 5 minutes in approximately 50 g 
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portions using an agate barrel to produce 1.4 and 1.6 kg of ground material 
respectively.  The ground samples were then split into 20 using a rotary splitter 
and then split further (into 8) using a micro riffle to produce individual portions of 
approximately 4 g.  One 4 g sub-sample was taken for analysis at a time and 
both the multi acid and sodium peroxide methods were tested. 
Guidance in the GeoPTTM Proficiency Testing Scheme (International 
Association of Geoanalysts, 2002) was used to determine whether the relative 
standard deviations (RSDs) for repeat analyses of the samples for each 
element are acceptable in the granite samples.  This has only been used as a 
guide as the RSDs are determined by the target value which is also unknown.  
The GeoPTTM scheme has two classes when determining the RSDs, class 1 
(appropriate for high precision analysis) and class 2 (appropriate for applied 
geochemistry) (Table 4.6). 
Repeated analyses (20) of the two in-house granite standards showed that 
ST02 was much more suitable as a standard than ST01 due to better precision.  
Using an acid digestion method and class 1 limits, neither granite sample 
showed many elements that were within acceptable RSD limits apart from Gd, 
Dy, Hf, Nb and Tl in sample ST02.  Granite sample ST02 had acceptable RSD 
values using both class 1 and class 2 values for Cu, In, Sn, Ta, W, Tl, Bi and 
the REE in addition to the elements discussed above.  When using a peroxide 
preparation, only Nb satisfied the class 2 RSD criteria in both samples, with Ge, 
the HREE and Ta satisfying the class 2 RSDs for sample ST02.  On this basis, 
ST02 was used throughout analysis as an in-house granite standard containing 
the critical metals. 
Across all analytical batches for this study, precision for sample ST02 was 
<10% for most elements.  Cd showed a poor precision at 22% and Ce at 13%.  
For both of these elements, the poor precision can be attributed to one errant 
analysis (in different batches), when these are removed the precision drops 
below 10% for Ce and Cd falls to 12%. 
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Table 4.6.  Acceptable RSDs at various concentrations for class 1 and class 2 analysis.  From 
International Association of Geoanalysts (2002). 
Concentration %RSD (Class 1) %RSD (Class 2) 
100% m/m 1 2 
10% m/m 1.4 2.8 
1% m/m 2 4 
1000 μg g
-1
 2.8 5.7 
100 μg g
-1
 4 8 
10 μg g
-1
 5.7 11.3 
1 μg g
-1
 8 16 
0.1 μg g
-1
 11.3 22.6 
0.01 μg g
-1
 16 32 
 
Along with the in-house granite standard detailed above, two SRMs were 
analysed per analytical run.  Certified reference materials BIR-1A (basalt) and 
GSP-2 (granodiorite) were used, partly because sample BIR-1A does have 
published values for all of the critical metals important for this study.  Recovery 
of mafic material was better than for felsic material, as expected due to the lack 
of refractory minerals such as zircons.  Peroxide fusions proved better for 
recovery of the REE for GSP-2 but were poor for recovery of other elements, 
including total loss of Nb, In, W and Bi, possibly due to loss during the rinsing 
stage.  Peroxide fusions of BIR-1A resulted in high recoveries for all elements 
(Figure 4.7). 
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Figure 4.7.  Recovery of elements in SRMs BIR-1A and GSP-2.  (a) Recovery of BIR-1A 
compared to USGS (2012) and Yi et al. (1995)  (b)  Recovery of GSP-2 compared to USGS 
(2012) and Govindaraju (1994). Where there are no data this indicates no recovery using that 
method with the exception of As in GSP-2 for which there is no published value. 
4.6.7. Discussion 
When analysing samples prepared by sodium peroxide fusions, repeated 
measurements on the 40 ppb calibration solution showed a 15% drop in 
concentration from the calibration standard to the final 40 ppb analysis after all 
samples had been analysed.  Repeated measurements on the 40 ppb solution 
on samples prepared by multi acid digestion were consistent throughout.  It was 
noted that additional rinsing steps after every 5 samples aided the stability and 
recovery of the internal standard and 40 ppb repeated measurement solutions 
for both the peroxide and multi acid preparation methods. 
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The loss of As, Nb and W within GSP-2 using a sintering method has been 
reported by another study and this is thought to be due to the solubility of these 
elements in an alkaline solution (Cotta and Enzweiler, 2012).  This can be 
counteracted by use of Fe or Ti hydroxide solutions but this in turn results in 
additional polyatomic interferences, particularly problematic for Ge analysis.  
The addition of a rinsing step to ensure internal standard stability and 
improvement in TDS furthered the loss of these metals as well as In, Sn, Sb 
and Bi. 
The use of only HNO3 for the peroxide method is an advantage as the typical 
polyatomic spectral interferences generated by using HNO3 do not affect any of 
the elements that need to be analysed.  Typically using HNO3 can result in the 
interferences: 14N14N+ on 28Si+, 14N14N16O+ on 44Ca+ and 40Ar15N+ on 55Mn+ all of 
which were analysed by XRF in this study.  A further interference is related to 
the use of sodium in the preparation process with 40Ar23Na+ on 63Cu+ (Thomas, 
2008) but the rinsing step added into the method in the second run should 
remove all of the Na, reducing this interference (Yu et al., 2001).   
Instrumental drift was at more acceptable levels for samples prepared by multi-
acid digestion than with the sodium peroxide fusions.  Reanalysing the 40 ppb 
solution indicated that even after all of the samples had been analysed, there 
was a <1% drop in concentration from the starting values in the solution.  The 
Zr contamination problem is avoided by using this method and a much more 
acceptable detection limit is achieved.  The REE recoveries are excellent for 
BIR-1A with a multi acid method compared to the sodium peroxide method but 
are low for GSP-2 indicating non- or partial dissolution of minerals such as 
zircon and monazite.  Reproducibility of data is also more consistent. 
Overall, standard recovery using both sodium peroxide and multi acid 
preparations for the basaltic standard was good but the peroxide values were 
consistently higher possibly due to contamination of the peroxide.  Standard 
recovery for GSP-2 was variable with REE showing a systematic recovery of 
60% relative to published values.  However, recovery of the elements important 
to this study (e.g. Li, Be, Nb, In, Sn, W) was good 
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Comparison of Sn, Nb and As data from ICP-MS and XRF analysis showed 
good agreement between the different methods across a range of granite types 
although there is some scatter at higher As values.  Data for La showed lower 
recovery by ICP-MS analysis than by XRF, as expected due to the problems 
dissolving minerals such as monazite, but recovery was higher than expected 
(Figure 4.8). 
 
Figure 4.8.  Comparison of XRF and ICP-MS data for (a) Nb, (b) Sn, (c) As and (d) La.  Dashed 
lines show +5% / -5%. 
Lithium metaborate fusions are widely used by commercial laboratories and are 
known to effectively recover elements such as Zr and the REE (Dai Kin et al., 
1999).  Powdered samples are fused in platinum crucibles with lithium 
metaborate (Li2B4O7) in a furnace producing a glass bead.  This glass bead is 
subsequently dissolved in HF and HNO3 and diluted with DI water.  This method 
was not trialled as it would have increased Li and B background levels in the 
instrument, removing the availability of analysis for these elements.  It is also 
reported that Sn and Sb cannot be analysed by this method due to the high 
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fusion temperatures and loss of these elements during sample preparation (e.g. 
Yu et al., 2001).  Lithium can be analysed by atomic absorption 
spectrophotometry (AAS) but this method was not available to compensate for 
the potential loss of analysis of Li by ICP-MS.   
4.6.8. Conclusions 
Overall, the advantages of the multi acid digestion preparation method include 
better detection limits of elements key to this study, better precision across 
multiple analyses of standard reference material and consistent recovery of the 
40 ppb calibration solution (minimal drift).  The major disadvantage is lower 
recovery of the REE, although the recovery was consistent across multiple 
analyses.  A major advantage of the sodium peroxide sintering method is the 
higher recovery of the REE.  However, disadvantages include high detection 
limits, inconsistent recovery of standard reference material and instrument drift 
due to high total dissolved solids (TDS) introduced into the ICP-MS. 
Due to the much better recovery of some of the critical metals, lower detection 
limits and better precision, a multi acid digestion method was chosen for sample 
preparation.  Although the peroxide method would have resulted in better REE 
recovery, the variability of the data and the higher detection limits were deemed 
unacceptable for this study; the detection limits for some the HREE alone would 
have negated the detection of these in the samples for this study.  On repeated 
analysis, the precision was much better when using a multi-acid method, 
presumably due to variable contaminants within the peroxide.  Finally, peroxide 
methods caused additional problems with the ICP-MS causing blockage of the 
cones due to high TDS despite dilution.  Introducing high TDS into the 
instrument was deemed not only detrimental to this study but also for other 
users of the instrument. 
4.6. QEMSCAN® analysis 
Automated mineralogy techniques such QEMSCAN® analysis can be a powerful 
tool for quantitative mineralogical and petrographic analysis but they require 
extensive pre- and post-processing of data to ensure high quality data.  
QEMSCAN® analysis was utilised in this study to provide a wider “thin section” 
view of granite textures and to quantify the abundance of accessory minerals 
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such as topaz and rutile within the granites.  An essential component of 
QEMSCAN® analysis is the development of the mineral list, known as a species 
identification protocol (SIP).  The SIP uses a combination of BSE and X-rays to 
determine mineral properties.  The manufacturer SIP LCU5 database was 
modified with the addition of tourmaline and cordierite after scanning known 
occurrence of these minerals within samples.  The mica fields were also refined 
with the ratio of Fe to Al utilised to distinguish between trioctahedral and 
dioctahedral micas.  
Some minerals overlap in the SIP due to factors such as indistinguishable BSE / 
element ratios.  Beryl cannot be distinguished as Be cannot be detected by 
energy dispersive electron spectroscopy (EDS) and so any beryl present will be 
grouped with aluminosilicates as only Al, Si and O would be detected, not Be.  
Any topaz present containing low F, which would be unexpected, will be 
grouped with kaolinite.  The polylithionite of the topaz granites shows as 
muscovite due to lack of Fe but the occurrence of these micas was confirmed 
by optical microscopy and corrected as such in the data.  Amblygonite 
((Li,Na)AlPO4(F,OH)) and xenotime (YPO4) were successfully separated using 
the mineral chemistry data for amblygonite from Stone and George (1978) to 
constrain a ratio for Al:P.  Almandine cannot be distinguished from chlorite or 
the epidote group due to similarities in mineral chemistry ratios and BSE.  
However, no garnets were observed in any of the thin sections analysed. 
Cordierite and tourmaline are not included within the manufacturer LCU5 
database and have been calibrated using a natural standard of schorl and 
cordierite identified by optical microscopy in a sample from this study.  Any 
microperthite is grouped with plagioclase and any antiperthite is grouped with K-
feldspar due to lack of compositional difference between groundmass and 
perthitic feldspar (Table 4.7). 
Analysis was carried out at Camborne School of Mines on a QEMSCAN® 4300 
using a Zeiss EVO® 50 scanning electron microscope with three light element 
Bruker Xflash® silicon drift energy dispersive X-ray detectors.  Data were 
processed using iDiscover software (version 4.2 SR1) with iDiscover version 4.3 
used for TIF image output.  Eight granite samples, deemed representative of 
the range of granite types in the study area were chosen for analysis. A 
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polished 30 μm thickness carbon coated thin section of each sample was 
analysed.  Due to the occurrence of phenocrysts, one additional sample of each 
granite type were prepared from a -500/+250 μm sieved fraction to ensure a 
more accurate determination of modal abundance.  Approximately 1-2 g of this 
sieved fraction were prepared in a mixture of Epofix resin and Epofix hardener 
to obtain ~3 cm2 diameter block.  This blocks were then polished to a 1 μm 
finish and then carbon coated to 25 nm before analysis.  Each sample was 
therefore analysed twice, using a thin section to examine textural features and 
by a polished block to more accurately determine mineral modal abundances. 
Both the polished blocks and thin sections were analysed using the fieldscan 
mode with X-ray and BSE data collected every 10 μm on the polished thin 
sections (see analyses method descriptions in Gottlieb et al., 2000; Rollinson et 
al., 2011).  This enabled the analysis of over 6,000,000 points over an eleven 
hour period providing a comprehensive dataset for each sample and distribution 
maps of the mineral phases. 
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Table 4.7.  QEMSCAN
®
 Mineral categories and their descriptions used in this study.   
Mineral Category Mineral Description 
Background All resin / edge effects, others. 
Quartz Quartz and other silica minerals. 
K-Feldspar K-Feldspars (orthoclase, sanidine, microcline); Any phase with K, Al, Si, O. 
Plagioclase feldspar Plagioclase feldspars; Phases with Na, Al, Si, O to Ca, Al, Si, O. 
Biotite Group Biotite mica, includes ferroan polylithionite and phlogopite. 
Muscovite/Polylithionite* Muscovite / Polylithionite; Any phase with K, Al, Si, O. May contain illite. 
Chlorite Chlorite / Clinochlore; any phase with Fe, Al, Si and Fe, Al, Si, Mg, O. 
Cordierite** Any phase with Si, Al, Fe.  Separated from chlorite / schorl by Si:Al ratio of 0.5-1. 
Epidote Group Any phase with Ca, Fe, Al, Si.  Includes trace allanite (Ce, Ca, Al, Si). 
Kaolinite Kaolinite / halloysite / dicktite and other Al silicates (e.g. andalusite) 
Tourmaline Any phase with Fe, Al, Si, O and maybe low Mg. Based on schorl standard. 
Topaz Any phase with Al, Si, F. Low F topaz may fall into Al silicates. 
Al silicates Any Al silicate such as andalusite.  May include kaolinite and F-poor topaz. 
Apatite Any phase with Ca, P, O. 
Fluorite Any phase with Ca, F. 
Calcite Includes calcite, ankerite and dolomite. 
Zircon Any phase with Zr, Si, O. 
Monazite Any phase with Ce, P, O.  
Xenotime Any phase with Y, P, O. May contain REE. 
Uraninite Any phase with U, O. 
Thorite Any phase with Th, Si, O. 
Rutile Any phase with Ti, O. 
Ilmenorutile Any phase with Nb, Fe, Ti, O. 
Ilmenite Any phase with Fe, Ti, O. 
Titanite Any phase with Ca, Ti, Si, O and minor Al, Fe, F. 
Fe-Ox/CO3 Fe oxides and carbonates such as siderite, hematite, magnetite.; Fe metal. 
Cassiterite Any phase with Sn, O. 
Wolframite Any phase with W, Fe, Mn. Mainly wolframite with minor ferberite. 
Scheelite Any phase with W, Ca, O. 
Mn Minerals Mn silicates and oxides. 
Amblygonite Any phase with Al, P, Na. 
Löllingite Any phase with Fe, As. 
Arsenopyrite Any phase with Fe, As, S. 
Sphalerite Any phase with Zn, S, with minor Fe. 
Pyrite Includes pyrite / marcasite, trace pyrrhotite. 
Others Any mineral not included above, edge effects, trace galena, Cu sulphides. 
 
*Samples labelled with polylithionite or muscovite depending on optical analysis.  **Only 
included for samples where cordierite was known to occur. 
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Chapter 5: Mineralogy and petrography of the 
Cornubian Batholith and Permian mafic and ultramafic 
rocks 
5.1. Introduction 
A petrographic study was carried out of all rock types to produce a classification 
system that would be consistent in the field and with mineral chemistry and 
whole rock geochemical characteristics of the samples.  The appropriate 
classification of the rocks is fundamental to understanding metal enrichment 
processes.  For example, it was previously determined that the tourmaline 
granites in the St. Just district may be the magmatic precursors for 
mineralisation in the area (Müller et al., 2006a).  Furthermore, understanding 
possible crystallisation sequences of minerals, coupled with the mineral 
chemistry, can aid determination of critical metal behaviour in the different rock 
types. 
5.2. Macroscopic characteristics of principal rock types 
A field based classification scheme was utilised throughout the study for quick 
characterisation of the different granite types.  From previous schemes, three 
major granite types are discerned according to mineralogy – biotite, tourmaline 
and topaz granite, with an additional muscovite granite class added.  The biotite 
and tourmaline granites are named for their dominant ferromagnesian mineral, 
with muscovite and topaz granites displaying other distinguishing features.  The 
coarse-grained poorly porphyritic subdivision of Dangerfield and Hawkes (1981) 
was not observed in this study; samples from these areas were typically 
classified as tourmaline granites.   
The field based scheme is dominantly based on the occurrence of biotite or 
tourmaline as the dominant ferromagnesian mineral, the average groundmass 
grainsize (fine, medium or coarse) and the size and abundance of alkali 
feldspar phenocrysts (Figure 5.1).  Small-scale variation of the granites was 
evident in the field but not mappable at the scale of Figure 5.1.  Table 5.1 
summarises the features of the different granite types.   
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Biotite granites are by far the most widespread granite type followed by 
tourmaline, muscovite and topaz granites.  The muscovite granites are typically 
confined to small stocks (e.g. Cligga, Kit Hill) as well as the Castle-an-Dinas 
Granite (within the Land’s End Granite) (Figure 5.1). 
Table 5.1.  Field-based classification of the different granite types relevant to this study. 
Granite type 
(Abbreviation) 
Grainsize 
Phenocrysts 
(size, 
abundance) 
Features 
Biotite Granites: Qtz, Plag, Kfs, Bt, Msc, Tur. 
Coarse-grained, 
porphyritic (CGGP) 
>3 mm 
Kfs, >25 mm, 
>10% 
Dark grey-grey, large Kfs phenocrysts, qtz-
tur orbicules common, Bt > Tur, Bt > Msc. 
Coarse-grained, small 
phenocrysts (CGGSP) 
>3 mm 
Kfs, <25 mm,  
5-10% 
Light grey, small Kfs phenocrysts, more Msc 
than CGGP, Bt > Tur, Bt ≠ Msc. 
Medium-grained, with/ 
without phenocrysts 
(MGG) 
1-3 mm 
Kfs, <25 mm, <5-
10% 
Light grey, similar to CGGP and CGGSP, 
distinguished by finer grainsize, Bt > Tur. 
Fine-grained, 
with/without 
phenocrysts (FGG) 
<1 mm 
Kfs, <15 mm,  
<5-10% 
Light grey to orangey-grey, equigranular with 
phenocrysts, Bt > Tur, Bt ≠ Msc. 
Muscovite granites: Qtz, Plag, Kfs, Msc, Li mica*, Tur. 
Muscovite granite 
(Msc) 
1->3 mm 
Kfs, variable, 5-
10% 
White, smaller granite stocks, pale brown Li 
micas, fine- to coarse-grained,  
Msc > Tur, Msc > Bt. 
Tourmaline Granites: Qtz, Plag, Kfs, Tur, Li Mica*. 
Globular quartz (GQ) >2 mm Qtz, <25 mm 
Rounded quartz phenocrysts, grey to pinkish 
grey, Tur > Bt. 
Equigranular / Fine-
grained (EQ) 
>2 mm None 
White – grey, Tur > Bt, fine- to-medium 
grained 
Lithium mica (LiM) >2 mm 
Kfs, <15 mm, 5-
10% 
Pale brown Li micas, texturally similar to 
CGGSP, Tur ≠ Li Mca 
Topaz Granite: Qtz, Kfld, Plag, Li Mca, Tur, Fl. 
Topaz granite (Tz) 1-2 mm 
Rare, <15 mm, 
<5% 
Medium-grained, equigranular, white, Plag 
and Kfs the same colour, bronze-coloured Li 
Mcas 
 
*Li Mica distinguished from biotite by colour (pale brown vs. dark brown) when separating off an 
individual mica sheet in the field. Kfs – alkali feldspar; Qtz – quartz; Tur – tourmaline; Msc – 
Muscovite; Li Mca – Lithium (biotite group) mica e.g. ferroan polylithionite; Plag – Plagioclase; 
Fl – Fluorite. 
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Figure 5.1.  Map of the study area showing the variation in granite types and sampling locations for granite, enclave (MME), 
lamprophyre and basalt samples.  Original map data from Dangerfield and Hawkes (1981), Charoy (1986), Manning et al (1996) and 
British Geological Survey map data.  © Crown Copyright 2014.  An Ordnance Survey / EDINA supplied service. 
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Aplite and fine-grained granites appear to be interchangeable in the literature, 
but in this study aplites are confined to two occurrences at Megiliggar Rocks, 
Tregonning Granite and the Meldon Aplite just north of the Dartmoor Granite 
and are renamed topaz aplites.  Both topaz aplites are very-fine grained, white 
and contain silver micas, topaz, dark to light green coloured tourmaline, 
feldspars (indistinguishable by colour) and quartz.  Rhyolites are fine-grained, 
pink, contain quartz and feldspar with occasional quartz xenocrysts and have 
clay-altered rounded phenocrysts with banded textures.  Although quartz 
porphyry dykes (elvans) have not been a focus of this study, three samples 
collected are grey, fine-grained with quartz and alkali feldspar phenocrysts.  
Tourmaline microgranites, restricted to the Dartmoor and Land’s End granites 
are white, fine-grained and consist of quartz, feldspar and euhedral, black 
tourmaline laths up to 2 mm long. 
In the field, lamprophyres and basalts were classified simply as basalt or 
lamprophyre depending on the occurrence of phenocrysts of altered olivine or 
micas.  It was not possible to ascertain lamprophyre or basalt types in the field 
owing to their small grain size.  Petrographic and geochemical data were used 
to refine the classification of these rocks.  Figure 5.2 shows the range of rock 
types collected during this study. 
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Figure 5.2.  Representative rock types.  (a) Coarse-grained porphyritic biotite granite (Land’s 
End Granite).  (b) Coarse-grained porphyritic (small phenocryst) biotite granite (Bodmin 
Granite).  (c) Medium-grained biotite granite (Carnmenellis Granite).  (d) Fine-grained biotite 
granite (Isles of Scilly Granite).  (e) Coarse-grained muscovite granite (Kit Hill).  (f) Globular 
quartz tourmaline granite (St. Austell Granite).  (g) Fine-grained equigranular tourmaline granite 
(St. Austell Granite).  (h) Lithium mica tourmaline granite (St. Austell Granite).  (i) Topaz granite 
(Tregonning Granite).  (j) Topaz aplite (Meldon Aplite).  (k) Rhyolite (Neopardy).  (l) Tourmaline 
microgranite (Dartmoor Granite).  (m) Basalt (Posbury).  (n) Minette lamprophyre (Pendennis). 
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5.2. Mode of occurrence 
Contacts between granites and the country rocks are sharp or marked by 
pegmatitic zones.  This is particularly noticeable within the coastal exposures of 
the Tregonning Granite where a series of topaz aplite sills extending from the 
granite show pegmatitic contacts with the Mylor Slate Formation.  Within the St. 
Austell Granite, the contact between the tourmaline granite of Karslake Pit and 
the sedimentary rocks of the Meadfoot Group is marked by a zone of plumose 
feldspars (Figure 5.3a-b). 
Contacts between granite types are variable and reflect the composite nature of 
the batholith.  Boundaries between globular quartz tourmaline granite and 
lithium mica tourmaline granite within Karslake Pit in the St. Austell Granite are 
gradational, as are contacts between porphyritic and poorly porphyritic biotite 
granites at Porth Ledden, Land’s End Granite.  Elsewhere, contacts are planar 
or resemble sedimentary flame and load structures (Figure 5.3c-d).  Fine-
grained granite sheets form sharp contacts with adjacent porphyritic granites.  
Coarse-grained granites contain globular enclaves of fine-grained granite 
showing undulose boundaries with the enclosing granite (Figure 5.3e).  
Accumulations of unidirectional solidification texture (UST) alkali feldspar 
phenocrysts are also widespread, along with alkali feldspar phenocrysts in 
turbulent swirls (Figure 5.3f) or defined layers.   
Megiliggar Rocks, within the Tregonning Granite, hosts layers of pegmatite, 
topaz aplite, granite and tourmaline-rich aplite (Figure 5.3g).  The individual 
layers either have pegmatite borders with K-feldspar crystals up to 160 mm long 
that extend into the centre of the layer or they have tourmaline rich zones 
towards the top.  Tourmaline banding is not just confined to the Tregonning 
Pluton and is in localities such as Porth Ledden, Land’s End Granite and at 
Sharpitor, Dartmoor Granite (Figure 5.3h).  The coastal exposures of the Land’s 
End Granite at Priest’s Cove have vuggy tourmaline-quartz-feldspar infills 
(Figure 5.3i).  These quartz-tourmaline-feldspar vugs occasionally display 
leucogranite rims. 
Non-granite inclusions include country rock xenoliths, non-igneous enclaves 
(NIE) and microgranular mafic enclaves (MME).  NIE have sharp contacts with 
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the surrounding granite and usually retain some form of metasedimentary 
structure, such as a cleavage (Figure 5.3j). MME display textures typical of 
magma mingling, possessing lobate contacts with the enclosing granite.  These 
MME commonly have alkali feldspar phenocrysts that protrude into the 
enclosing granite (Figure 5.3k). 
Due to the bulk of the rhyolite in the region lying offshore within the English 
Channel, contacts are not easily ascertained.  The Neopardy Rhyolite within the 
Crediton Graben is a laterally discontinuous thin layer (<0.6 m) within the 
Permian Bow Breccia Formation.  Rhyolite clasts are common within the 
Permian red beds of the region, particularly the Newton St Cyres Breccia 
Formation where clasts of rhyolite reach up to 0.3 m. 
Lava flows of basalts and lamprophyres in the east of the study area 
occasionally display peperitic margins.  Alteration has affected the basalts with 
calcite veining and green / blue montmorillonite clay infill of vesicles and 
alteration of phenocrysts to hematite or iddingsite (Figure 5.3l).  The western 
lamprophyres are steeply dipping intrusive sheets occasionally showing 
brecciation on contact with the host rocks.  These lamprophyres are also 
crosscut by carbonate veins and have clay alteration. 
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Figure 5.3.  Field photographs of granite and lamprophyre features.  (a) Pegmatite at the 
boundary between a leucogranite dyke and the Mylor Slate Formation, Megiliggar Rocks 
(Tregonning Granite).  (b) Plumose feldspars at the boundary between the Karslake Pit 
tourmaline granite and the Meadfoot Group metasedimentary rocks (St Austell Granite). 
 (c) Boundary between coarse-grained porphyritic biotite granite sheet and coarse-grained 
biotite granite with few phenocrysts at Nanjizal (Land’s End Granite).  The granites are crosscut 
by a quartz-tourmaline mineral vein (red dashed line).  (d) Sharp contact between a fine-grained 
biotite granite and a coarse-grained porphyritic biotite granite near Porthgwarra (Land’s End 
Granite).  (e) Globular enclave of fine-grained biotite granite within a medium-grained porphyritic 
granite of Haytor (Dartmoor Granite).  (f) Turbulent alkali feldspar phenocrysts and coarse-
grained granite inclusion within medium-grained granite of Tresco (Isles of Scilly Granite). 
 (g) Pegmatite-topaz aplite-tourmaline layers in a fallen block, Megiliggar Rocks (Tregonning 
Granite).  (h) Tourmaline band between two coarse-grained porphyritic granites, Sharpitor 
(Dartmoor Granite).  (i) Pegmatitic qtz-tur-fld “pocket” within the coarse-grained porphyritic 
biotite granite of Priest’s Cove (Land’s End Granite).  (i) Country rock xenolith in topaz granite 
with a baked margin and slaty cleavage at Megiliggar Rocks (Tregonning Granite).  (k) MME 
with alkali feldspar phenocrysts in the tourmaline granite of Karslake Pit (St. Austell Granite).  (l) 
Field photograph of a lamprophyric lava at showing crosscutting calcite veins (Knowle Hill). 
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5.4. Granite mineralogy 
The following section describes the petrography of the major and accessory 
minerals of the different granite types.  Broadly, the form of the minerals is 
consistent between the different granite types although there are variations in 
mineral chemistry.  As such, the following section is divided by mineral rather 
than granite type. 
5.4.1. Quartz 
Quartz is anhedral with an allotriomorphic texture, comprises 30% of samples 
and reaches up to 7 mm in coarse-grained, 2.5 mm in medium-grained and 1.5 
mm in fine-grained granite types.  It has no dominant mineral association, with 
interstitial grains between plagioclase and alkali feldspar and composite grains 
the main forms.  The majority (>60%) of samples have undulose extinction and 
inclusions of micas, feldspars and rutile are usually disseminated throughout 
individual grains but more rarely in oscillatory zoned patterns.   
Granophyric textures are widespread throughout all plutons, particularly in the 
Dartmoor Granite (Figure 5.4a).  The Isles of Scilly Granite has myrmekitic 
growth between quartz and feldspar (figure 5.4b) with strained “ribbon” quartz 
restricted to samples from the older Bodmin and Isles of Scilly plutons (Figure 
5.4c).  Within globular quartz tourmaline granites, the quartz is much more fluid 
inclusion rich and every quartz phenocryst is an aggregate of smaller quartz 
crystals all with occasional white mica infill in between the individual grains 
(Figure 5.4d).  These quartz phenocrysts reach up to 8 mm across.  
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Figure 5.4.  Photomicrographs of quartz features.  All in cross polarised light.  (a) Granophyric 
texture between quartz and alkali feldspar (Dartmoor Granite).  (b) Myrmekitic intergrowth of 
quartz and feldspar (Isles of Scilly Granite).  (c) Strained quartz (Bodmin Granite).  (d) Globular 
quartz grain with numerous fluid inclusions and multiple grains forming one larger crystal (St. 
Austell Granite). 
5.4.2. Plagioclase 
Plagioclase feldspar is subhedral to euhedral (tabular), with abundances of up 
to 20% in biotite granites and 35% in tourmaline and topaz granites (Figure 
5.5a).  Plagioclase phenocrysts with antiperthite are occasionally found within 
biotite granites of the Dartmoor Granite.  Polysynthetic twinning (Albite law), 
concentric zoning on basal sections and white mica alteration, particularly 
towards the centre of grains, is widespread (Figure 5.5b).  The extent of 
alteration is variable but no samples show complete breakdown of plagioclase 
to white micas.  Rarely, biotite and alkali feldspar have plagioclase overgrowths 
(Figure 5.5c).  Plagioclase grains are included within alkali feldspar 
phenocrysts, occasionally arranged concentrically, but often disseminated as 
individual grains (Figure 5.5d).  These inclusions have the same characteristics 
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as plagioclase found within the groundmass.  Plagioclase rarely contains 
inclusions of its own.  Myrmekitic textures with quartz are described above. 
 
Figure 5.5.  Photomicrographs of plagioclase features. All in cross polarised light.  (a) Euhedral 
tabular plagioclase in topaz granite from the Tregonning Pluton.  (b) Concentrically zoned basal 
section (Carnmenellis Granite).  (c) Plagioclase rim on biotite mica (Dartmoor Granite).  (d) 
Plagioclase inclusion within an alkali feldspar phenocryst still displaying tabular form and 
polysynthetic twining (Bodmin Granite). 
5.4.3. Alkali feldspar 
Alkali feldspar is found as both phenocrysts and groundmass accounting for 
approximately 30% modal abundance in biotite granites and 25% in tourmaline 
and topaz granites.  Groundmass alkali feldspar is typically subhedral, up to 6 
mm in coarse-grained, 3 mm in medium-grained and 2 mm in fine-grained 
varieties.  Phenocrysts attain lengths of 150 mm long and are euhedral tabular 
in form displaying Carlsbad twinning (Figure 5.6a).  Microperthite is common in 
phenocrysts, more rarely macroperthite (Figure 5.6b).  The albite-rich laminae 
typically show increased white mica alteration.  Groundmass alkali feldspar 
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does not typically display twinning and is subhedral with a similar form to quartz 
(allotriomorphic).  Phenocrysts contain plagioclase, quartz, micas and opaques 
as inclusions whereas within groundmass alkali feldspar contains no inclusions 
(Figure 5.6c).  Inclusions within phenocrysts are occasionally arranged in 
concentric zones although zones are not limited to one mineral.  The Land’s 
End and Dartmoor granites, along with samples recovered from a granite 500 m 
beneath surface at the Treliver exploration project near the St. Austell Granite 
have Rapakivi feldspars.  Tourmaline and alkali feldspar phenocrysts are often 
found intergrown with tourmaline extending into the feldspar crystal (Figure 
5.6d). 
 
Figure 5.6.  Photomicrographs of alkali feldspar features. All in cross polarised light.  (a) 
Carlsbad twinning and microperthite (Bodmin Granite).  (b) Closer view of Microperthite in an 
alkali feldspar phenocryst with quartz inclusions (Carnmenellis Granite).  (c) Zoned inclusions of 
quartz and plagioclase around the rim of an alkali feldspar phenocryst (Isles of Scilly Granite).  
(d) Tourmaline and alkali feldspar intergrowth (Isles of Scilly Granite). 
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5.4.4. Micas 
Biotite is the major ferromagnesian mineral in the biotite granites, typically 
comprising 5% of coarse-grained small phenocryst biotite granites and >10% of 
the coarse-grained porphyritic biotite granites.  The form of biotite micas is 
variable, from anhedral to subhedral.  In all biotite granites, biotite is dark 
brown, pleochroic (green to brown), and contains numerous radioactive mineral 
inclusions resulting in metamictisation of the crystal (Figure 5.7a).  Individual 
grains and “patches” of biotite are common (Figure 5.7b).  Chlorite alteration of 
biotite is widespread and of variable extent, but alteration is common along 
cleavage planes of minerals.   
Muscovite and Li-mica tourmaline granites contain pale brown lithium 
siderophyllite (Figure 5.7c).  Pale pink ferroan polylithionite (zinnwaldite) is 
anhedral to subhedral, up to 6 mm across in globular quartz tourmaline granites 
and <2 mm in equigranular tourmaline granites and topaz granites (Figure 
5.7d).  Topaz granite contains subhedral polylithionite.  All of the Li-rich micas 
contain numerous inclusions including apatite, titanite, zircon and rutile, with 
metamictisation surrounding the apatite and zircon inclusions. 
Muscovite mica comprises up to 5% of coarse-grained small phenocryst, 
medium-grained and fine-grained biotite granites and is approximately equal in 
modal abundance to biotite.  Muscovite is dominant in smaller granite stocks 
(e.g. Cligga, Kit Hill and Hemerdon) reaching up to 10% in muscovite granite 
varieties.  In coarser-grained porphyritic granite, muscovite is an accessory 
mineral.  Within coarse- and medium-grained samples, crystals range from 
anhedral to subhedral and size varying from 2 mm to 5 mm across.  Muscovite 
is occasionally found as subhedral disseminated mineral but the majority of 
muscovite is associated solely with biotite, mantling biotite crystals; it can also 
be found along twinning planes of feldspars as well as in large (>4 mm) 
“patches” (Figure 5.7e-g).  Disseminated muscovite contains inclusions of 
radioactive and opaque minerals resulting in metamictisation. 
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Figure 5.7.  Photomicrographs of mica features. (a)-
(d), (f) plain polarised light; (e), (g) cross polarised 
light. (a) Biotite with numerous inclusions (ilmenite, 
rutile, Th-rich monazite, zircon and apatite) (Land’s 
End Granite) (b) Biotite mica “patch” (Carnmenellis 
Granite).  (c) Pale brown Li siderophyllite (St. Austell 
Granite) (d) Pink ferroan polylithionite (Tregonning 
Granite).(e) Disseminated muscovite in the Castle-
an-Dinas fine-grained muscovite granite (Land’s End 
Granite).  (f) Muscovite overgrowth on Li 
siderophyllite (Cligga Granite).  (g) Patch of 
muscovite and biotite from a medium-grained granite 
(Carnmenellis Granite). 
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5.4.5. Tourmaline 
The tourmaline abundance of biotite granites is variable ranging from <1% to 
2% but is the dominant ferromagnesian mineral in tourmaline granites reaching 
5% abundance.  Tourmaline abundance is variable in topaz granites and topaz 
aplites ranging from <1% to 3% abundance.  Size and form is also variable with 
crystals ranging from anhedral to euhedral (tabular) with size ranges from <1 
mm up to 4 mm in coarse-grained granites, <1 mm to 3 mm in medium-grained 
and <1 mm in fine-grained granites.  In all granite types, tourmaline shows 
limited concentric zoning from pale yellow cores to dark yellow rims with 
occasional blue rims.  Topaz granite tourmaline has stronger zoning.  Inclusions 
of zircon, apatite and Th-rich monazite often results in metamictisation, visible 
with a blue halo.   
Tourmaline is associated with biotite and andalusite, and is rarely found 
replacing biotite (Figure 5.8a-b).  Disseminated individual grains and quartz-
tourmaline aggregates, which are common in coarse-grained porphyritic biotite 
granites, are the dominant forms of tourmaline (Figure 5.8c).  Within topaz 
granites, tourmaline is often associated with topaz (Figure 5.8d).  The 
association between alkali feldspar and tourmaline is discussed above.   
5.4.6. Accessory minerals 
Accessory minerals, as discrete crystals and inclusions within major minerals, 
comprise <1% of the overall sample abundance.  Topaz is included in this 
section as although it is a major mineral within topaz granite, topaz is an 
accessory mineral in all other granite types.  Topaz comprises up to 3% of the 
topaz granites and is subhedral to euhedral with prismatic crystals reaching up 
to 1 mm diameter.  The crystals have fractures and contain inclusions of white 
micas.  Patches consisting of several smaller topaz crystals (<0.5 mm) are 
widespread (Figure 5.9a).  Larger (>0.5 mm) crystals are often associated with 
tourmaline, with tourmaline infilling fractures in the crystals. 
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Figure 5.8.  Photomicrographs of tourmaline features. All in plain polarised light. (a) Weakly 
zoned tourmaline associated with a tabular clay-altered grain of andalusite in biotite granite 
(Carnmenellis Granite).  (b) Replacement of biotite (brown and green) by tourmaline (orange) in 
biotite granite (Bodmin Granite).  (c) Quartz-tourmaline aggregate in tourmaline granite (Land’s 
End Granite).  (d) Topaz and tourmaline (Tregonning Granite).  Note the stronger zoning in the 
tourmaline compared to tourmaline from the biotite granites and presence of (blue) 
metamictisation around inclusions. 
Biotite granites contain andalusite and cordierite with andalusite more common 
in the older biotite granites (Carnmenellis, Isles of Scilly, Bodmin) and cordierite 
more common in the younger biotite granites (Land’s End, Dartmoor, St. 
Austell).  Andalusite is rare and cordierite not found in the topaz granites of the 
Tregonning Granite.  Grains are typically anhedral to subhedral, <1 mm long in 
coarse-grained, <0.5 mm long in medium-grained and fine-grained biotite 
granites.  Pink pleochroism is the characteristic feature and andalusite is nearly 
always associated with tourmaline, less commonly biotite (Figure 5.9b).  
Secondary alteration to white micas is also common, with only the tabular form 
and tourmaline association left as a relict.  Individual cordierite grains are 
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subhedral, <0.5 mm and usually associated with biotite.  Yellow haloes around 
inclusions are present, but rare.  The Land’s End Granite contains cordierite 
with cyclic “sixling” twinning (Figure 5.9c). 
Apatite and zircon are included within micas; both are subhedral to euhedral, 
<250 μm in coarse-grained and <100 μm in medium-grained and fine-grained 
granites (Figure 5.9d).  Zircon is also found as an inclusion within alkali feldspar 
phenocrysts and displays zoning when viewed on the SEM.  Groundmass 
apatite needles are rare, but are euhedral, <250 μm.  Fe- or Ti-rich accessory 
minerals are dominated by ilmenite and rutile.  Rutile is commonly found as an 
inclusion within micas with ilmenite whereas ilmenite is both an inclusion and is 
found disseminated throughout samples.  Where rutile and ilmenite are 
inclusions within mica, they are aligned along the mineral cleavage (Figure 
5.9e).  Both minerals are subhedral to euhedral, <250 μm in coarse-grained and 
<100 μm in medium-grained and fine-grained varieties.  In tourmaline and topaz 
granites there is sufficient Nb in rutile and Mn in apatite to be detected during 
SEM analysis. 
Other accessory minerals include garnet, Th-rich monazite, chalcopyrite, 
uraninite, pyrite, arsenopyrite, cassiterite, sphalerite, galena and xenotime 
(Figure 5.9f).  These accessory minerals are not as widespread as those 
detailed above and show no obvious enrichment in the older or younger 
plutons, although cassiterite is more common in topaz granites.  Typically, these 
minerals are subhedral to euhedral and <250 μm.  Th-rich monazite, containing 
7-11 wt.% ThO2 in the least evolved granites (Jefferies, 1985), is often an 
inclusion within mica or tourmaline whereas the sulphides are disseminated 
throughout samples or infill fractures in major minerals such as feldspar. 
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Figure 5.9.  Photomicrographs and SEM images of accessory minerals. (a), (b) and (d) in plain 
polarised light; (c) in cross polarised light  (a) Topaz with ferroan polylithionite and plagioclase in 
topaz granite (St. Austell Granite).  Topaz fractures are infilled with white mica.  (b) Andalusite 
with pink pleochroism in biotite granite (Carnmenellis Granite).  (c) Cyclic twinning in cordierite 
with pinite alteration around the edge in biotite granite (Land’s End Granite).  (d) Apatite and 
zircon inclusions with metamictisation in biotite from biotite granite (Dartmoor Granite).  (e) 
Backscattered electron (BSE) scanning electron microscope (SEM) image showing inclusions 
within biotite in biotite granite.  The ilmenite is aligned along the cleavage plane and monazite is 
Th-rich (Dartmoor Granite).  (f) Uraninite and chalcopyrite in biotite granite.  Chalcopyrite is 
disseminated and in stringers following mica cleavage (Land’s End Granite). 
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5.6.7. Alteration effects 
Alteration is widespread across the batholith with all samples, no matter how 
fresh or removed from areas of mineralisation, showing white mica alteration of 
feldspars as a minimum.  Intensively altered samples were taken from areas of 
close proximity to mineralisation or kaolinisation to examine not only the 
mineralogical effects but geochemical effects.  The alteration effects are not 
mutually exclusive and multiple effects may occur together.   
Both fluorite and chlorite are alteration minerals along the cleavage planes of 
mica minerals and can cause total replacement of the original mica (Figure 
5.10a).  Sericite mica alteration is common in both alkali and plagioclase 
feldspar, particularly in the calcic cores of plagioclase and along albite-rich 
microperthitic zones of alkali feldspar (Figure 5.10b).  Andalusite is often altered 
to white micas, although usually retains its pink-coloured core whereas 
cordierite is almost always altered to pinite (mixture of clays and chlorite).  A 
tourmalinised sample from the Dartmoor Granite has overgrowths of blue 
tourmaline on pre-existing yellow tourmaline and replacement of micas by blue 
tourmaline (Figure 5.10c).  The altered St. Agnes Granite has undergone total 
replacement of feldspar phenocrysts by white mica and opaque minerals, as 
well as chlorite replacement of micas and fining of the overall grainsize (Figure 
5.10d). 
5.5. Topaz aplite mineralogy 
Topaz aplite samples from the Meldon Aplite and the Tregonning Granite are 
identical in hand specimen.  Samples are white, fine-grained and equigranular 
with no phenocrysts.  Polylithionite micas are more common in the Tregonning 
Granite aplite than the Meldon Aplite, which also contains ferroan polylithionite, 
and both contain quartz, feldspars and muscovite. 
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Figure 5.10.  Photomicrographs of granite alteration. (a) and (c) in plain polarised light; (b) and 
(d) in cross polarised light. (a) Chlorite and fluorite replacement of mica (Carnmenellis Granite).  
(b) White mica placement of plagioclase (St. Austell Granite). (c) Two stages of tourmaline 
growth.  The blue tourmaline continues in the sample along fractures (Dartmoor Granite).  (d) 
Total replacement of the original mineralogy by white mica and ore minerals with fining of the 
grainsize (St. Agnes Granite). 
Texturally, the characteristics of the major minerals within topaz aplites are very 
similar to topaz granite, just with a finer grain size, with anhedral to subhedral 
quartz (40%), subhedral alkali feldspar (20%) and subhedral to euhedral tabular 
plagioclase (35%).  Ferroan polylithionite accounts for approximately 4% modal 
abundance and is anhedral to subhedral, <0.5 mm and contains rare inclusions.  
All of the major minerals have interlocking grains producing an allotriomorphic 
texture (Figure 5.11a).  Green tourmaline accounts for <1% abundance with 
minor muscovite, Nb-rutile, topaz and apatite comprising the remainder.  Rare 
euhedral plagioclase phenocrysts display polysynthetic twinning and contain 
inclusions of mica (Figure 5.11b).  Fluorite is a common accessory mineral and 
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appears as secondary alteration in bands crosscutting samples and infilling 
cleavage planes of micas. 
 
Figure 5.11.  Photomicrographs of topaz aplite, both in cross polarised light  (a) Allotriomorphic 
texture (Meldon Aplite). (b) Plagioclase phenocryst with mica in the Megiliggar Rocks topaz 
aplite (Tregonning Granite). 
5.6. Rhyolite Mineralogy 
Two rhyolite samples, one a clast from the Crediton Breccia and the other from 
the rhyolite at Neopardy, have similar characteristics both in hand specimen 
and thin section.  Both are very fine-grained with quartz xenocrysts and variably 
altered feldspar phenocrysts (Figure 5.12a).  The groundmass consists of 
equigranular subhedral quartz (<0.5 mm), subhedral alkali feldspar (<0.5 mm) 
and subhedral plagioclase (<0.5 mm).  The Neopardy Rhyolite contains 
plagioclase > alkali feldspar, whereas the Crediton Breccia clast alkali feldspar 
> plagioclase.  Both of the samples contain cordierite phenocrysts that are 
altered to pinite leaving only relicts of the original grains (Figure 5.12b).  The 
cordierites are subhedral and display reaction rims of an unknown mineralogy 
that are Fe- and Al-rich.  The Neopardy Rhyolite also contains topaz (subhedral, 
<0.25 mm).   
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Figure 5.12.  Photomicrographs of rhyolite, both in plain polarised light.  (a) General image 
showing the texture of the Crediton Breccia rhyolite clast with orange pinite altered cordierite 
phenocrysts.  (b) Orange pinite-altered cordierite phenocryst with Fe-Al-rich alteration rim.  The 
original grain can be seen (dark areas amongst the orange alteration) (Neopardy Rhyolite). 
5.7 Enclave mineralogy 
Enclaves were sourced from the study of Stimac et al. (1995), available in the 
Camborne School of Mines collection.  Sample 222J1B from the Dartmoor 
Granite is fine-grained consisting of alkali feldspar and plagioclase up to 40 mm 
long in a fine-grained groundmass of alkali feldspar (25%), biotite (20%), 
plagioclase (30%), quartz (25%) and opaques (trace) (Figure 5.13a).  
Myrmekitic textures are common in plagioclase, along with radial inclusions of 
quartz and alkali feldspar (Figure 5.13b-c).  Sample 227J1 from the Land’s End 
Granite contains abundant pinite altered cordierite (7%) along with plagioclase 
(30%), alkali feldspar (10%), quartz (30%), biotite (20%), muscovite (3%) and 
opaques (trace).  The cordierite in sample 227J1 appears poikiloblastic in thin 
section, enclosing quartz and biotite (Figure 5.13d).  Neither sample displays a 
foliation.  Both enclaves are consistent with descriptions of MME due to the high 
abundance of biotite and plagioclase and the lack of aluminosilicates (Stimac et 
al., 1995).   
Enclaves included within granite samples are common in the Land’s End and 
Dartmoor granites.  Although these enclaves were too small for whole rock 
analysis, they are biotite and plagioclase-rich with cordierite, quartz and alkali 
feldspar, consistent with MME.  The contact between the MEEs and host 
granite has a white-mica altered alkali feldspar and chlorite rim.  A non-igneous 
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enclave (NIE) within a sample of the Godolphin Granite contained andalusite, 
biotite, muscovite, plagioclase and quartz with all minerals displaying a foliation. 
 
Figure 5.13.  Photomicrographs of enclave features, (b) and (c) in cross polarised light, (d) in 
plain polarised light.  (a) Sample photograph showing a fine-grained groundmass with alkali 
feldspar, plagioclase and quartz grains reaching up to 40 mm in length (Land’s End Granite).  
(b) Myrmekitic texture in a plagioclase grain (Dartmoor Granite).  (c) Radial inclusions of quartz 
in plagioclase adjacent to a fine-grained groundmass of quartz, alkali feldspar, plagioclase and 
mica.  Thick section so quartz is pale yellow (Land’s End Granite).  (d) Cordierite and quartz 
with brown biotite mica (Dartmoor Granite). 
5.8. Basalt and lamprophyre mineralogy 
5.8.1. Basalts 
The basalts of Posbury and Raddon consist of euhedral iddingsite 
pseudomorphs, zoned dolomite pseudomorphs, rare plagioclase and quartz 
xenocrysts in a fine-grained groundmass (<0.25 mm) of euhedral alkali feldspar, 
euhedral apatite, euhedral plagioclase and opaques (Fe-Ti oxides) (Figure 
5.14a).  Whilst feldspar xenocrysts are subhedral to euhedral, quartz xenocrysts 
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are anhedral with globular forms often displaying a rim of fine-grained druzy 
quartz (Figure 5.14b).  Occasional alkali feldspar aggregates reach up to 4 mm 
across with extensive clay alteration.  The basalt at Raddock is slightly coarser-
grained than the one at Posbury (0.5 mm groundmass) but consists of the same 
mineralogy.  Calcite veinlets in the Raddock sample crosscut iddingsite 
pseudomorphs and clay-altered phenocrysts (presumably originally feldspar).  
Given the presence of iddingsite pseudomorphs after olivine, the basalts are 
both classified as olivine basalts. 
 
Figure 5.14.  Photomicrographs of basalt features. (a) in plain polarised light, (b) in cross 
polarised light. (a) Zoned iddingsite replacement of olivine and dolomite pseudomorphs 
(Posbury Basalt).  (b) Zoned dolomite pseudomorph and lobate quartz xenocrysts with a fine 
drusy quartz rim (Raddon Basalt). 
5.8.2. Lamprophyres 
The lamprophyres across the region show a variable mineralogy but all possess 
alkali feldspar in greater abundances than plagioclase making them minette 
lamprophyres (Rock, 1991).  The Killerton, Pendennis and Mawnan Smith 
minettes consist of golden-coloured micas up to 2 mm long, metamict around 
inclusions, anhedral quartz xenocrysts and iddingsite phenocrysts set in a fine-
grained (<0.25 mm) groundmass of alkali feldspar, opaques, apatite and 
plagioclase (Figure 5.15a).  The micas show alignment and clear zoning in 
basal sections from a darker orange core (phlogopite) to a light orange rim 
(biotite).  Rare primary olivine can be found in the Pendennis Minette but 
typically iddingsite is the only evidence for the original presence of olivine 
(Figure 5.15b).  The Lemail lamprophyre has a similar mineralogy but is much 
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finer-grained (groundmass <0.1 mm) with micas up to 0.5 mm long.  The 
Holywell Bay lamprophyre is extensively altered with chlorite alteration of micas, 
replacement of olivine by iddingsite and replacement of feldspars by white mica.  
The lamprophyric lava flow at Knowle Hill Quarry is coarser-grained than the 
intrusive lamprophyres with a groundmass of alkali feldspar, apatite, opaques 
and minor plagioclase (<0.5 mm) (Figure 5.15c).  Phenocrysts are dominated by 
iddingsite replacement of olivine along with golden coloured micas up to 4 mm 
long (Figure 5.15d).  Rare plagioclase phenocrysts are subhedral and have 
reabsorption textures on their edges.  Quartz xenocrysts are widespread and 
vesicles are infilled with clays.  The high abundance of mica phenocrysts still 
enables the classification of this rock as a lamprophyric in character. 
 
Figure 5.15.  Photomicrographs of lamprophyre features. (a) and (d) in plain polarised light, (b) 
and (c) in cross polarised light. (a) Phlogopite mica phenocrysts in a fine-grained groundmass of 
feldspars, opaques and apatite (Killerton minette).  (b) Unaltered olivine phenocryst with 
phlogopite mica (Pendennis Minette).  (c) Coarse-grained lamprophyric lava (Knowle Hill).  (d) 
Iddingsite and phlogopite phenocrysts in a groundmass of alkali feldspar, plagioclase and 
apatite (Knowle Hill). 
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5.10. Discussion 
The granites are all monzogranites or syenogranites with biotite, muscovite, 
andalusite, cordierite and rare garnets characteristic of peraluminous, S-type 
granites (White and Chappell, 1977).  Topaz granites have higher abundances 
of plagioclase (An<5) than alkali feldspar but do not have the femic minerals 
contents to be classified as granodiorites.  The lamprophyres, as discussed 
above, are minettes (Rock, 1991) with basalts classified as olivine basalts.  The 
MME were previously classified by Stimac et al. (1995) and smaller inclusions 
within granites observed at thin section scale conform to the MME descriptions 
found within Stimac’s study. 
5.9.1. Comparison to Previous Studies 
A comparison between the granite characteristics adapted in this study and that 
of previous studies is shown in Table 5.2.  The muscovite granite has not been 
described by any other studies but was alluded to by Exley and Stone (1964), 
describing “lithionite” granites that have similar characteristics.   
Table 5.2.  Relationship between granite subdivisions used in this study and other studies. 
Granite type Textural 
variation 
Leveridge et al., 
1990 
Ghosh, 1934 Dangerfield & 
Hawkes, 1981 
Exley & 
Stone, 1982 
Biotite 
CGGP - - 1A B 
CGGSP - - 1B(?) B 
CGGPP Ga Type 1 1C B 
MGG Gc, Gd*  Type 2, 3 2B, 2C B, C 
FGG Gh Fine 3A/3B A 
Muscovite Msc - - - - 
Tourmaline 
GQ - - - - 
EQ - - 2A D 
LiM - - 2A D 
Topaz Tz - - - E 
*described as having abundant phenocrysts, different to Ghosh (1934), Dangerfield & Hawkes 
(1981) and this study.  
Broadly, the descriptions in this study are consistent with previous mineralogical 
studies although many of these have tended to focus on a single pluton 
(Charoy, 1986; Salmon and Powell, 1998).  Some minerals described in 
previous studies are more widespread than observed in this study or not 
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observed at all owing to sporadic occurrence and mineral size.  These minerals 
include garnet, epidote, bornite, stannite and mawsonite (e.g. Manning, 1983; 
Alderton, 1988).  Amblygonite, described from the Tregonning Granite (Stone 
and George, 1978) was not observed, presumably owing to almost identical 
optical characteristics to feldspars, but was identified by QEMSCAN® analysis.  
During fieldwork, tourmaline granite was found to be much more widespread 
than just the St. Austell Granite occurring in the Dartmoor and Land’s End 
Granites also, often in localities marked as “poorly porphyritic” by Dangerfield 
and Hawkes (1981). 
5.9.2. Alkali feldspar phenocrysts 
Previous studies invoked a metasomatic origin for the alkali feldspar 
megacrysts within the Cornish granites (e.g. Stone and Austin, 1961; Booth, 
1968).  However, the presence of radial inclusions of biotite, quartz and 
plagioclase along with chemical zoning and simple twinning show that the 
megacrysts are phenocrysts.  The space required for growth of large crystals is 
achieved as alkali feldspar will begin to crystallise when greater than 60% of the 
granite magma has crystallised leaving space for growth (Clemens and Wall, 
1981; Winkler and Schultes, 1982).  Small overgrowths on an otherwise 
euhedral crystal can be attributed to late-stage crystallisation of a residual liquid 
(Vernon, 1986).  Ostwald ripening cannot have produced alkali feldspar 
megacrysts as proposed by Higgins (1999) due to the presence of zoned 
inclusions. 
5.9.3. The muscovite conundrum 
The presence of muscovite as a primary mineral within granites has long been a 
point of discussion (e.g. Miller et al., 1981; Harrison, 1990; Speer and Becker, 
1992).  Crystallisation of true magmatic end-member muscovite from a 
peraluminous melt requires high ƒO2, high K and Al with a low temperature and 
moderate to high pressure (Deer et al., 2003).  F-poor muscovite is not stable 
below 3 kbar as a primary mineral in a typical granite melt (average Li, P and F 
abundances).  Criteria such as crystal form, grainsize relative to other minerals, 
high Ti and / or F and occurrence of biotite, cordierite, garnet, aluminosilicates 
and topaz are thought to represent primary magmatic muscovite (Miller et al., 
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1981; Speer, 1984).  It has been shown however, that with granite evolution 
femic components will decrease in micas and so muscovite chemistry cannot 
always be used to determine primary or secondary origin (Monier et al. 1984).  
A lack of muscovite but presence of cordierite may represent a lower water 
content and higher temperature but lower pressure of the melt (Clemens and 
Wall, 1988). 
The white micas in the groundmass and replacing feldspars show different 
compositions implying that there may be several stages of muscovite growth.  
This is supported by textural relations in this chapter with muscovite granite 
samples showing multiple muscovite textures such as disseminated muscovite 
with inclusions (e.g. Figure 5.7e), overgrowth muscovite on biotite group 
minerals (e.g. Figure 5.7f) and white mica replacement of feldspars (e.g. Figure 
5.10b).   
5.9.4. Andalusite and cordierite – restite or magmatic? 
Whether andalusite and cordierite are of restitic origin is crucial for the 
understanding of the processes leading to granite emplacement.  A study of 
andalusite in peraluminous granites determined that most andalusite shows 
textural and geochemical characteristics consistent with a magmatic origin 
(Clarke et al., 2005).  Andalusite within Cornish granites displays these same 
characteristics (e.g. euhedral cores even with overall anhedral grain shape, 
similar grainsize to magmatic minerals) and it is concluded that andalusite is of 
magmatic origin consistent with the study of Charoy (1986).   
Andalusite saturation is typically only reached in peraluminous melts where the 
A/CNK (Al2O3/CaO+Na2O+K2) is above 1.25.  Cornish granites have A/CNK 
values >1.15 with the younger granites, which contain less andalusite, 
possessing the lower A/CNK values.  The lack of sillimanite implies lower 
temperatures and / or pressures, with andalusite potentially forming in a crystal-
melt mush during the later stages of crystallisation (Clarke et al., 2005).  
Experimental studies show that the stability field of andalusite does overlap with 
the peraluminous granite solidus (Richardson et al., 1969; Johannes and Holtz, 
1996).  The presence of volatiles such as F, Li and B lower the granite solidus 
into the stability field of andalusite. 
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Replacement of andalusite by muscovite could happen in magmatic or 
subsolidus conditions.  Where incomplete replacement has taken place by a 
polycrystalline muscovite aggregate, this is thought to imply subsolidus 
replacement.  Replacement under magmatic conditions may not be 
recognisable due to total replacement of andalusite with muscovite (Clarke et 
al., 2005). 
The cordierite within the younger granites is consistent with descriptions of 
primary magmatic cotectic cordierite (similar grainsize to other major minerals, 
few inclusions, subhedral to euhedral, “sixling” twinning) by Clarke (1995).  
Textural features are supported by mineral chemistry.  Crystallisation of primary 
cordierite is possible in melts that have a high A/CNK, high femic contents and 
low water contents (Erdmann et al., 1999).  The lack of cordierite in the older 
two-mica granites may be due to higher water contents, lower temperatures or 
the melt not reaching cordierite saturation.  The crystallisation of cordierite must 
have ceased prior to the granite solidus and this is one of the few minerals in 
the paragenetic sequence for which this can be ascertained.  Cordierite is 
altered to pinite by the reaction Crd + K-aqueous fluid  Msc + Chl (pinite); this 
is noted to be the same reaction that forms cordierite in fluid saturated granitic 
melts.  It is presumed that during the granite crystallisation sequence cordierite 
saturation is reached with femic elements also sequestered by minerals such as 
biotite so that as crystallisation progresses, with pinite alteration due to 
reactions with residual melt. 
5.9.5. Crystallisation sequence and implications for granite-forming 
processes 
The mineralogical differences between the older and younger granitic plutons 
are evident.  Within biotite granites, older plutons such as the Isles of Scilly, 
Bodmin and Carnmenellis contain biotite and muscovite in approximately equal 
proportions whereas the younger granites such as Dartmoor, St. Austell and 
Land’s End have noticeably higher abundances of biotite and cordierite and 
contain little muscovite.  The mineralogy can help constrain processes 
controlling granite production; the older biotite granites show similarities with the 
muscovite-biotite granite (MPG) of  Barbarin (1996) whereas the younger 
granites have similarities with the cordierite-biotite granite (CPG) classification 
145 
 
of the same study.  It is noted that MPG and CPG cannot be part of the same 
differentiation suite and form under different partial melting processes, 
potentially derived from the same source. 
Strained quartz in the older Bodmin and Isles of Scilly plutons is evidence for 
fault movement post-emplacement.  The myrmekitic textures seen exclusively 
within the older plutons is further evidence for deformation events occurring 
after pluton emplacement (Vernon, 2004).  Links between major NW-SE 
trending faults and muscovite granites are discussed in chapter seven.  Neither 
strained quartz nor myrmekitic textures were seen in the younger plutons.  The 
presence of granophyric textures in the younger granites could imply either a 
more water-rich melt and/or undercooling in the later stages of crystallisation 
and implies the continued crystallisation of both quartz and alkali feldspar into 
subsolidus conditions (Swanson and Fenn, 1986).  The latter is preferable; the 
presence of tourmaline orbicules in the samples suggests a high abundance of 
boron which would contribute to melt undercooling, followed by pressure 
release quenching. 
From microscope studies of the granites a sequence of crystallisation can be 
determined (Figure 5.16).  Factors taken into consideration include crystal form, 
inclusions and mineral replacement relationships such as muscovite mantling 
biotite and intergrowth of tourmaline and alkali feldspar.  The lack of reaction 
relationships between many of the minerals means that in the petrogenetic 
sequence, crystal growth is assumed to cease at the solidus.  Issues 
surrounding the “inclusion” principal in discussion of crystallisation sequences of 
igneous rocks are well known (e.g. Vernon, 2004).  Minerals may begin to 
nucleate at the same time but one mineral may end up encompassing another 
mineral due to a faster growth rate.   
The interpenetrating edges of quartz, plagioclase and alkali feldspar indicate 
simultaneous crystallisation, and biotite is well known to be an early crystallising 
mineral in granites (Pitcher, 1997).  Muscovite, topaz and tourmaline are late-
stage / subsolidus minerals, consistent with the interpretations of Charoy (1986) 
and Stone (1975).  Quartz and alkali feldspar also crystallise during subsolidus 
conditions in the younger biotite granites, as shown by graphic intergrowths of 
these minerals. 
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Figure 5.16.  Petrogenetic sequence of crystallisation for the granites of the Cornubian 
batholith.  CGGP – coarse-grained porphyritic biotite granites; CGGSP – coarse-grained small 
phenocryst granites; Tz – Topaz granites. *Biotite group minerals includes any mica in the 
series siderophyllite – polylithionite. 
5.10. QEMSCAN® as a tool for granite petrography 
 Automated mineralogical techniques are becoming increasingly more common 
for petrographic studies (e.g. O'Driscoll et al., 2014).  As part of this study, the 
main mineralogical and textural variants of the Cornubian Batholith were 
analysed as polished thin sections by QEMSCAN®.   
One advantage of QEMSCAN® is the ability of the instrument to analyse millions 
of points in a single run providing modal abundances for all defined minerals 
overnight.  Often, when obtaining modal abundances through point counting or 
estimation, opaques are classified simply as opaques and millions of points are 
certainly not counted.  Data from the QEMSCAN® analysis was compared with 
an estimation of modal abundances (Table 5.3).  Broadly they were in 
agreement, but it was noted that QEMSCAN® analysis will assign microperthite 
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to plagioclase and antiperthite to alkali feldspar due to similar mineral chemistry.  
Microscope work does not define the number of minerals that a QEMSCAN® 
can, as many of these minerals will be sub 50 μm in size.  
Table 5.3.  Comparison of modal abundances obtained by optical microscopy and QEMSCAN
®
 
for major minerals.  Bt includes trioctahedral micas.  Where modal abundance is 0% = none of 
that mineral observed in thin section.  QEMSCAN
®
 analyses are traditionally reported to 2 d.p. 
Sample SC06 BD04 CN01 DT07 KT01 LE08 AU04 LE05 AU12 AU06 
Type FGG CGGSP MGG CGGP Msc 
(CG) 
Msc 
(FG) 
LiM GQ EQ Tz 
 Optical microscope (estimate of modal abundance in %) 
Qtz 35 30 25 35 35 35 40 36 35 30 
Kfs 30 35 30 30 25 35 25 30 35 25 
Plag 30 20 25 23 25 20 25 25 25 35 
Bt 3 7 4 10 2 1 4 4 2 6 
Msc 1 4 5 0 12 7 2 1 1 1 
Tur 0 <1 1 2 0 2 2 3 2 <1 
 QEMSCAN
®
 (%) 
Qtz 30.46 26.59 26.15 36.24 36.89 31.79 38.19 35.78 35.32 27.26 
Kfs 32.32 30.06 34.49 25.60 20.98 33.48 23.81 29.45 27.25 28.16 
Plag 31.73 25.43 28.44 26.08 26.48 19.70 24.51 23.60 29.18 32.80 
Bt 2.54 5.63 3.00 9.06 0.80 1.36 5.29 3.86 2.82 7.24 
Msc 0.87 10.73 6.68 1.56 11.67 10.31 4.30 2.43 1.20 0.85 
Tur 0.08 0.39 0.42 0.56 0.58 2.06 1.90 2.91 2.08 0.03 
CG – coarse-grained; FG – fine-grained; Qtz – quartz; Kfld – Alkali feldspar; Plag – plagioclase; 
Bt – biotite; Msc – muscovite; Tur – tourmaline. 
One of the major advantages of QEMSCAN® analysis in granite petrology is the 
ability to identify accessory phases.  Often minerals such as sulphides, rutile, 
zircon, monazite and apatite are key in controlling trace element (Zr, REE) 
distribution, for example through fractionation, but they can be difficult to identify 
using traditional optical microscopy, particularly if the mineral is small, 
infrequent or opaque.  Minerals such as amblygonite, that share optical 
properties with major minerals such as feldspars, can also be more readily 
identified.   
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Data from this study for accessory phases have been used to inform the models 
in Chapter Eight.  What is evident from the mineralogical data obtained by 
QEMSCAN® in this study is that several of the accessory phases (zircon, 
monazite, ilmenite) show lower modal abundances in the more evolved 
tourmaline granites than within the biotite granites (Figure 5.17).  In addition, 
cassiterite, wolframite and ilmenorutile show higher abundances in more 
evolved granites than in less evolved ones.  These mineralogical findings are 
supported by geochemical data (Chapter Seven) and provide valuable 
information about potential fractionating phases that can be utilised in modelling 
(Chapter Eight).  Apatite shows an increase in modal abundance from the least 
to most evolved granites, supported by increasing P2O5 in whole rock data.  
Fluorite also increases in abundance in the biotite-muscovite granite suite but 
not within the biotite-tourmaline granite suite. 
 
Figure 5.17.  Stacked cumulative bar chart of QEMSCAN
® 
data showing selected accessory 
mineral distribution across all granite types.  MscC = coarse-grained muscovite granite; MscF = 
fine-grained muscovite granite. 
The fieldscan analysis method produces whole-section false colour images of 
the mineral distribution.  Having a “whole section” view has aided understanding 
of mineral relationships.  For example, in several of the samples from 
QEMSCAN® analysis there is an association between alkali feldspar 
phenocrysts and plagioclase with the latter often forming a rim of numerous 
plagioclase crystals surrounding the phenocryst (Figure 5.18a-b), a feature that 
cannot be fully observed in thin section.  The creation of a new granite type, the 
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muscovite granite, is also clearly shown in fieldscan images as the muscovite 
forms individual grains and is not spatially associated with biotite group micas 
(Figure 5.18b).  Feldspar textures such as micro- and antiperthite along with 
radial inclusions within phenocrysts can be clearly observed.  Mineral form and 
grainsize are readily identified. 
One disadvantage to QEMSCAN® analysis is the failure to recognise multiple 
grains of the same mineral residing adjacent to each other.  For example, within 
the globular quartz granite it is known from optical microscopy that the quartz 
“globules” are comprised of multiple optically different quartz grains (Figure 
5.18c).  This is not identified by QEMSCAN® analysis.  Ultimately, successful 
use of automated mineralogy is in conjunction with traditional optical techniques 
and methods for determining mineral chemistry and it should not be used as a 
stand-alone method for granite petrogenesis. 
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Figure 5.18.  QEMSCAN
®
 fieldscan false colour images. (a) Medium-grained biotite granite.  
Bimodal grain size distribution and a strong association between biotite and muscovite.  The 
plagioclase rim on phenocrysts is more apparent than in optical microscopy.  (b) Coarse-
grained muscovite granite.  Muscovite is the dominant mica and occurs as individual grains 
rather than replacing biotite. Phenocryst textures are also clear. Grain size difference to (a) is 
apparent. (c) Globular quartz tourmaline granite.  Phenocryst textures again clear, along with 
lack of muscovite overgrowth on biotite group micas and presence of topaz. 
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5.11. Conclusions 
The granites of SW England can be subdivided by their mineralogy and textural 
features into a suite of biotite, muscovite, tourmaline and topaz granites in 
common with previous studies (e.g. Dangerfield and Hawkes, 1981; Stone, 
1992; Manning et al., 1996).  This subdivision is supported by mineral chemical 
and whole-rock geochemical data with the additional muscovite division 
supported by QEMSCAN® analysis.  There is also a noticeable difference 
between the older and younger biotite granites with the younger granites 
possessing alkali feldspar phenocrysts >25 mm and a higher modal abundance 
of biotite and cordierite.  The younger granites also have alkali feldspar 
phenocrysts, but these are smaller (<25 mm) and the granites have a higher 
modal abundance of muscovite and andalusite.  This difference has important 
implications for partial melting and critical metal distribution processes.  
Minerals such as cordierite, andalusite and biotite are primary magmatic 
minerals and do not represent restite.  The occurrence of dark orange 
siderophyllite micas or pale pink ferroan polylithionite micas is a good indicator 
of how evolved the granite is; this is discussed further in the following chapters. 
The study of the mineralogy of the granites is particularly important for 
modelling trace element processes as part of this study.  For example, if biotite 
is fractionated, petrographic studies indicate that inclusions of zircon, rutile and 
monazite will also be fractionated.  Muscovite, tourmaline and to some extent 
quartz are late-stage, possibly continuing under subsolidus conditions, therefore 
any elements within these minerals are incompatible in a typical melt and would 
be expected to increase with granite fractionation.  Evidence for accumulation of 
alkali feldspar is observed in the field and fractionation of early forming minerals 
(plagioclase, biotite) would be expected. 
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Chapter 6: Major and trace element chemistry of major 
minerals 
6.1. Introduction 
The major element chemistry of minerals such as tourmaline and micas can 
record the chemical conditions of the melts from which they crystallise (e.g. 
Aydin et al., 2003; van Hinsberg et al., 2011).  Plagioclase and alkali feldspar 
major and trace element chemistry may also record chemical conditions of 
melts (e.g. Michael, 1984; Blundy and Shimizu, 1991) although alkali feldspars 
may not be in equilibrium with melt and trace element variations can reflect 
influxes of new melt into a magma chamber (Vernon and Paterson, 2008).  
Mineral chemistry can therefore provide valuable information about processes 
controlling granite evolution, along with metal enrichment or depletion.  
Knowledge of mineral chemistry can inform observations of whole rock 
geochemical data (discussed in Chapter Seven) and inform trace element 
models in the absence of experimentally determined partition data (Chapter 
Eight). 
Eight samples, deemed representative of the range of granite types exposed in 
SW England were selected for analysis by an electron-probe microanalyser 
(EPMA) and laser ablation inductively coupled mass spectrometry (LA-ICP-MS).  
The samples encompassed a range of trioctahedral mica and plagioclase 
compositions and also contained muscovite, tourmaline, alkali feldspar and 
cordierite.  The methods for EPMA and LA-ICP-MS are detailed in Chapter 
Four.  Whilst trace elements such as Rb, Ba and Sr have been analysed in 
major minerals, metals such as Ga, Sn, In, Nb, Ta and W have been largely 
neglected (see Chapter Three).  Determining major, trace and critical metal 
abundances within major minerals provided information on the behaviour of the 
critical metals within the granites of SW England.  Of the critical metals, only Li, 
Ga, Nb, Ta, In, Sn and W were analysed using LA-ICP-MS due to capabilities of 
the instrument.  Additional data obtained by LA-ICP-MS included Rb, Ba, Sr and 
the REE.  These elements already have experimentally determined partition 
coefficients and discussion in this chapter centres therefore centres on the 
critical metals essential to this study for which these data are absent.  
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6.2. Previous Data  
The major element chemistry of the micas and tourmalines of SW England is 
well established as authors realised the importance of factors such as mica 
chemistry in the evolution of the granites.  Studies by authors including Wilson 
and Long (1983), Stone et al. (1988), Henderson and Martin (1989), London 
and Manning (1995) Stone (2000b), Williamson et al. (2000) and Müller et al. 
(2008) have established the major and trace element chemistry of micas, 
tourmaline and feldspars.  Within the trioctahedral micas an association 
between “trace-alkali elements” (Li, Rb, Cs, F, Nb, Mn) and “femic elements” 
(Zr, Ce, Th, Mg, Ti) was found with increasing trace alkalis and decreasing 
femic elements forming a continuous series with major element chemistry 
(Stone et al., 1988). 
The REE budget of different accessory minerals and feldspars has also been 
the focus of studies by Alderton et al. (1980), Jefferies (1985), Ward et al. 
(1992) and Poitrasson et al. (1996).  Tin concentrations of up to 100 ppm and W 
concentrations of over 400 ppm are reported for biotite of the Carnmenellis 
Granite with Sn reaching 70 ppm and W 60 ppm in muscovite (Hosking, 1964).  
Higher abundances are reported for Sn (301 ppm) and W (102 ppm) in 
muscovite from the Cligga Head Granite (Alderton and Moore, 1981). 
The distribution of Sn and W within micas has been established for Variscan 
granites in Portugal (Neves, 1997; Gomes and Neiva, 2002) as well as general 
mica compositional studies including Sn and Ga (Tischendorf et al., 2007).  For 
In, only one study is available discussing the In content of silicate minerals 
within a granite (Miroshnichenko, 1965) although there have been recent 
studies of In in pyroxenes and feldspars within mafic rocks (Adam and Green, 
2006; Tanner et al., 2014).   
Nb- and Ta-rich accessory minerals such as columbite-tantalite and Nb-rich 
rutile are described from the study area (Scott et al., 1998; Müller and Halls, 
2005) and within other highly evolved peraluminous granites (e.g. Cuney et al., 
1992).  Previous studies have also determined that Nb and Ta partition into 
biotite over tourmaline in the absence of these accessory minerals (Bea et al., 
1994; Klemme et al., 2011).  Experimental studies have further constrained the 
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conditions required for the crystallisation of accessory minerals with high Li and 
F abundances promoting the crystallisation of Nb- and Ta-rich accessory 
minerals (Linnen, 1998).  Overall, whilst rare metal pegmatites and granite-
related mineralisation styles have been the subject of several studies, there are 
relatively few studies on the magmatic behaviour of the critical metals within the 
granites themselves. 
6.3. Trioctahedral Micas (Biotite Group) 
There is a wide variation in mica composition across the Cornubian Batholith 
and the mica compositions reflect the overall geochemical evolution of the 
different granite types.  The mica formulas have been calculated according to 
the methods described in Chapter Four.  All biotite micas are trioctahedral 
consistent with Stone et al. (1988) and Tischendorf et al. (2001) as the 
octahedral Y-site always contains more than 5 atoms per 22 oxygen atoms and 
the interlayer cation site atoms have a total of approximately 2.  Mica names are 
in accordance with the IUGS classification of Rieder et al. (1998). 
The micas have the general formula X2Y4-6[Si6Al2O20](OH,F)4 where: 
 X is the interlayer cation (K, Na, Ba, Rb, Cs, Ca) 
 Y is an octahedral cation (Mg, Fe2+/3+, Al, Li, V, Zn, Cu).  In trioctahedral 
micas the Y-site sums close to 6.  In dioctahedral micas there is at least 
one vacancy (□) in the Y site.  Excess Al that does not fit into the 
tetrahedral site can also be incorporated into the Y-site. 
The two trioctahedral mica solid solutions series applicable in this study include 
the phlogopite-annite series and the siderophyllite-polylithionite series: 
 Phlogopite: K2Mg6[Si6Al2O20](OH,F)4  Annite: K2Fe6[Si6Al2O20](OH,F)4 
 Siderophyllite: K2(Fe5Al)[Si6Al2O20](OH,F)4 Polylithionite: 
K2(Li4Al2)(Si8O20)(OH,F)4.  
All major element mica data from this study have been plotted on the 
classification diagrams of Tischendorf et al. (2007).  Commonly used names 
such as zinnwaldite and lepidolite represent stages along the siderophyllite – 
polylithionite solid solution series (Figure 6.1).  Although zinnwaldite is a 
commonly used mica name, according to Rieder et al. (1998) the correct 
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terminology is ferroan polylithionite.  Also following these rules, lepidolite is 
better termed polylithionite. 
 
Figure 6.1.  Mica classification diagram of Tischendorf et al. (2007) using the names specified 
by Rieder et al. (1998).  Common mica names shown in parentheses and major trioctahedral 
substitutions shown.  
6.3.1. Major element chemistry 
Within coarse- and medium-grained biotite granites, magnesian siderophyllite or 
siderophyllite are the common dark mica compositions.  These micas are rich in 
Fe (17-22 wt.% FeO), Ti (2-3 wt.%) and Mg (3-4 wt.%).  Smaller stocks of 
muscovite-rich granite, such as Cligga, Kit Hill, Carn Marth and Castle-an-Dinas 
(Land’s End), have minor amounts of light brown lithium siderophyllite micas as 
the primary trioctahedral mica type.  Lithium siderophyllite mica is also found 
within the lithium mica subdivision of tourmaline granites.  Other tourmaline 
granites (equigranular, globular quartz) and topaz granites contain pale pink 
ferroan polylithionite (zinnwaldite) micas.  All of these mica compositions 
together form a differentiation continuum, shown by increasing Li content with 
decreasing Fe, Mg and Ti (Figure 6.2, Table 6.1).  The topaz granites and 
aplites contain polylithionite alongside ferroan polylithionite with the former more 
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abundant in the aplites in the region.  Lamprophyres contain Mg-rich phlogopite.  
Trioctahedral mica compositions determined in this study are consistent with 
previous studies (Jones and Smith, 1985; Stone et al., 1988; Henderson and 
Martin, 1989; Müller et al., 2006a).  Mica compositional changes also match 
colour changes observed in thin section, for example, from dark orange Mg 
siderophyllite in coarse-grained porphyritic granites to pale pink ferroan 
polylithionite in more evolved tourmaline granites. 
Major element chemistry for trioctahedral micas provides a useful indicator for 
how evolved the granite is and mica chemistry corresponds with major and 
trace element geochemistry.  For example, less evolved granites with lower 
SiO2 and higher femic (Fe, Ti, Mg) components contain more Mg-rich micas 
such as siderophyllites rather than polylithionites.  An exception is the coarse-
grained porphyritic biotite granite variant typical of Dartmoor and Land’s End.  
These appear to be the least evolved granites, particularly on femic element vs. 
SiO2 plots (Chapter Seven) but contain more micas rich in Li, more consistent 
with evolved granites.  The high femic contents in whole rock geochemistry are 
due to higher modal abundances of biotite, and therefore an increase in the 
whole rock Ti, Fe and Mg.   
 
Figure 6.2.  The range of trioctahedral mica compositions in different granites types.  Data from 
Henderson (1989) and Stone (1988) are shown for comparison.  
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Table 6.1.  Mean microprobe data for trioctahedral micas in the different granite types (wt. % / 
atoms per formula unit). 
 
Granite type CGGSP CGGP MGG Msc LiM GQ EQ Tz 
Mica MgS S S LiS LiS FP FP P 
 N 16 21 7 17 10 9 18 16 
M
a
jo
r 
e
le
m
e
n
t 
SiO2 35.85 35.19 36.26 38.58 39.37 46.66 46.14 47.97 
TiO2 2.54 3.30 2.46 1.40 1.16 0.42 0.44 0.29 
Al2O3 20.14 18.58 21.28 22.81 22.94 23.05 23.51 20.59 
FeO 20.98 23.64 20.14 17.36 16.62 9.85 9.55 9.45 
MnO 0.36 0.58 0.42 0.42 0.40 0.16 0.10 0.26 
MgO 5.21 3.83 3.92 2.69 2.15 1.03 1.13 0.44 
CaO 0.02 0.04 bd bd 0.05 bd 0.02 bd 
Na2O 0.20 0.13 0.20 0.28 0.23 0.21 0.21 0.27 
K2O 9.71 9.57 9.63 10.05 10.13 10.53 10.46 10.28 
F 0.62 0.29 0.34 1.71 2.73 5.60 5.21 7.83 
Li2O* 0.70 0.51 0.82 1.49 1.72 3.70 3.68 4.20 
 H2O* 3.83 3.85 3.88 3.23 2.76 2.81 3.01 0.56 
 sum 99.75 99.24 99.18 100.01 100.22 103.56 103.53 102.05 
 O = F 0.223 0.122 0.062 0.72 1.15 2.36 2.19 3.30 
 total 99.66 99.21 99.12 99.29 99.07 101.21 101.33 98.75 
 
Si 5.456 5.474 5.505 5.729 5.826 6.434 6.401 6.734 
Al
IV
 2.544 2.526 2.495 2.271 2.174 1.566 1.599 1.266 
Y
 s
it
e
 
Al
VI 
1.069 0.881 1.313 1.722 1.826 2.213 2.243 2.142 
Ti 0.291 0.386 0.282 0.157 0.130 0.044 0.046 0.021 
Fe
(II)
 2.671 3.076 2.559 2.156 2.061 1.148 1.110 1.110 
Mn 0.046 0.077 0.055 0.053 0.050 0.026 0.009 0.031 
Mg 1.183 0.888 0.888 0.595 0.475 0.213 0.234 0.092 
Li 0.429 0.319 0.500 0.890 1.021 2.072 2.050 2.373 
X
 s
it
e
 Ca 0.002 0.001 bd bd 0.009 bd 0.001 bd 
Na 0.058 0.038 0.059 0.079 0.067 0.057 0.057 0.075 
K 1.886 1.899 1.866 1.904 1.913 1.869 1.870 1.841 
 OH 3.889 3.995 3.929 3.196 2.722 2.590 2.772 0.522 
 F 0.111 0.005 0.071 0.804 1.278 1.410 1.228 3.478 
 Mg-Li 0.753 0.569 0.389 -0.295 -0.546 -1.859 -1.815 -2.280 
 Fe+Mn+Ti-Al 1.939 2.658 1.582 0.643 0.414 -1.005 -1.078 -0.980 
Abbreviations: MgS – magnesian siderophyllite; S – siderophyllite; LiS – lithium siderophyllite; 
FP – ferroan polylithionite; P – polylithionite; bd – below detection. Li* and H2O* calculated per 
the methods described in Chapter 4. 
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6.3.2. Trace and critical metal chemistry 
Trace elements in trioctahedral micas were plotted against Mg-Li as this 
parameter effectively tracks mica evolution across the Mg siderophyllite to 
polylithionite solid solution series and was also the preferred x-axis of a 
previous study of trace elements in trioctahedral micas by Tischendorf et al. 
(2001).  The behaviour of the trace elements vs. Mg-Li can be subdivided into 
four main trends: 
1. Increasing abundance with increasing Li and decreasing Mg (Rb, W) 
(Figure 6.3a-b). 
2. Decreasing abundances with increasing Li and decreasing Mg (Nb, Ba, 
REE, Mo, Zn, Sc, Hf, V, Ni, Co, Cr) (Figure 6.3c-e). 
3. Increasing abundance from siderophyllite to ferroan polylithionite with 
lower abundances in polylithionites (Cu, In, Sn) (Figure 6.3g-h). 
4. No overall trend (Ta, Ga) (Figure. 6.3f). 
Li concentrations are as expected when compared to previous studies (Stone et 
al., 1988; Henderson and Martin, 1989).  Measured abundances of Li correlate 
well with calculated abundances (R2=0.97).  Niobium and Ta abundances in all 
trioctahedral micas are high relative to other studies of trioctahedral micas (Bea 
et al., 1994).  Tin and W abundances are consistent with other studies of 
peraluminous granites (Neves, 1997; Neiva et al., 2002) (Table 6.2). 
Table 6.2.  Mean (x̅) critical metal abundance in trioctahedral micas (ppm ± 2σ). 
 CGGSP CGGP CGGP Msc EQ Tz 
 MgS (n=10) MgS (n=3) S (n=13) LiS (n=4) FP (n=8) P (n=7) 
 x̅ 2σ x̅ 2σ x̅ 2σ x̅ 2σ x̅ 2σ x̅ 2σ 
Li 3097 174 2085 109 3247 206 7321 470 16299 1374 22650 1057 
Ga 95 7 90 11 95 3 111 3 105 17 83 3 
Nb 149 29 205 23 234 24 185 40 109 27 95 43 
Ta 10 3 16 3 24 3 8 3 11 3 16 10 
In 0.20 0.02 0.28 0.01 0.44 0.03 0.33 0.06 1.11 0.33 0.17 0.03 
Sn 34 2 34 1 66 10 50 0.27 111 15 13 2 
W 4 1 12 1 9 2 13 3 163 25 195 36 
Abbreviations: MgS – magnesian siderophyllite; S – siderophyllite; LiS – lithium siderophyllite; 
FP – ferroan polylithionite; P - polylithionite 
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Figure 6.3.  Log element vs. Mg-Li plots showing the four main trace element trends with 
decreasing Mg-Li for the trioctahedral micas.  Increasing trace element abundance shown by (a) 
Rb and (b) W. Decreasing trace element abundance shown by (c) V, (d) Ni and (e) Nb.  No 
overall trend shown by (f) Ta.  Increasing abundance up to ferroan polylithionite but a low 
abundance in polylithionite shown by (g) In and (h) Sn.  Dashed lines show the theoretical 
subdivision of mica compositions from Tischendorf (2002). P – polylithionite; FP – ferroan 
polylithionite; LS – Lithium siderophyllite; S – siderophyllite; MS – Magnesium siderophyllite. 
Trace element data in trioctahedral micas provide valuable information on the 
behaviour of critical metals within evolving granite series.  As expected, due to 
their large ionic radius and high charge, Sn, In, W and Rb increase with 
fractionation.  Niobium and Ta would be expected to increase due to their high 
charge and large ionic radius but the broadly flat profiles indicate that these 
elements are incorporated into, and controlled by different minerals.  
Compatible elements, such as Ni and V behave as expected in trioctahedral 
micas and decrease with increasing Li.  These metals are not known to 
increase with granite fractionation and this is supported by whole rock 
geochemical data. 
The decrease in Sn and In content within the polylithionite of the topaz granites 
and aplites is noted in a study of trace elements in micas by Tischendorf et al. 
(2001).  This could imply crystallisation of polylithionite after Sn and In have 
already been exsolved from the magma into residual fluids or the incorporation 
of these elements into other minerals such as cassiterite and rutile which also 
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occur in the topaz granites and may crystallise prior to any micas.  There may 
also be a source control with limited Sn available to partition into a melt, and 
therefore the micas. 
There are numerous controls on partitioning of trace elements into minerals 
including temperature, pressure, fluid composition and crystal chemistry.  
Experimental work would be needed to determine the overall controls on trace 
element partitioning, beyond the scope of this study.  However, partitioning of 
critical metals into the trioctahedral micas could be controlled by ionic radius.  In 
the octahedral site within a trioctahedral mica, elements such as Sn (Sn4+, 
0.83Å), In (In3+, 0.94Å) and W (W4+, 0.80Å) have similar ionic radii to elements 
known to occur in that site such as Mg (Mg2+, 0.86Å) and Li (Li+, 0.90Å).  Plots 
of abundance vs. ionic radius for all elements give clear trends for all 
trioctahedral micas (Figure 6.4).  Elements with larger ionic radii show lower 
abundances in the octahedral site but higher abundances within the interlayer 
cation site.  The strong correlation for several of the elements and octahedral Al 
imply that crystal chemical effects could be key for controlling trace element 
distribution common with studies of trace elements in feldspars and tourmaline 
(Blundy and Wood, 1991; Marks et al., 2013).   
 
Figure 6.4.  Atomic radius vs. mean element abundance in magnesium siderophyllite.  
Octahedral and interlayer cations indicated along with critical metals.. 
The REE are typically below detection limits for polylithionite, ferroan 
polylithionite, Li siderophyllite and magnesium siderophyllite micas making REE 
patterns incomplete and of limited use for petrogenesis.  Within siderophyllite, 
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detection is also variable but patterns are typically slightly LREE enriched, with 
strong Eu anomalies, similar to whole rock REE patterns.  Abundance is less 
than 1 ppm for all REEs (∑REE). 
6.4. Dioctahedral micas 
The muscovite micas are dioctahedral with octahedral Y-sites containing less 
than 5 atoms.  True dioctahedral muscovite mica (KAl3Si3O10[OH]2) is rare and 
all micas, both clear and coloured, contain both Fe and Mg.  The lack of true 
muscovite mica within plutons is noted by Miller et al. (1981) and this needs to 
be considered when applying experimental data to natural systems.  There are 
several solid solutions series within dioctahedral micas (Figure 6.5).  Tschermak 
(phengite) substitutions (increasing MgSiAl) lead towards celadonite through the 
micas often termed phengites with increasing pressure (Deer et al., 2003).  
Trioctahedral substitutions between pure muscovite and polylithionite involve 
increasing Mg and Fe at the expense of AlIV, although there is a miscibility gap 
before reaching the true trioctahedral micas (Rieder et al., 1998).   
 
Figure 6.5.  Mica classification diagram from Tischendorf et al. (2007) using mica names 
specified by Reider et al. (1998) showing major dioctahedral substitutions.  Red dashed area 
indicated celadonite field, tricot. = trioctahedral substitution. 
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6.4.1. Major element chemistry 
The muscovite contain minor amounts of Fe and Mg as well as Li but broadly 
sits within the muscovite and lithian ferroan muscovite fields (Figure 6.6, Table 
6.3) with minimal celadonite components.  When plotted on the primary vs. 
secondary muscovite ternary diagram of Miller et al. (1981), the micas sit on the 
boundary with some scatter into the secondary muscovite field (Figure. 6.7).  
This scatter could represent natural evolution of the muscovite composition and 
not necessarily that the muscovite is secondary in origin.  The use of this chart 
to classify muscovite as primary or secondary is also queried by Monier et al. 
(1984) who reported a trend for the Millevaches Massif, France, similar to the 
one shown by the muscovite micas in SW England, which shows magmatic and 
late to post-magmatic muscovite, not true secondary muscovite. 
In samples with lithium siderophyllite, where muscovite is often the dominant 
mica, muscovite compositions show higher degrees of trioctahedral substitution 
and trend towards ferroan muscovite or lithium ferroan muscovite.  Overall, 
there are limited differences in the abundances of major elements across the 
three muscovite types with the exception of Al, Mg and Fe showing that 
trioctahedral substitutions are the dominant factor controlling compositions. 
Figure 6.6.  The range of muscovite mica compositions in different granites types.  Tourmaline 
and topaz granites not shown as muscovite is not present as a major mineral.  Data from 
Henderson (1989) shown for comparison.  
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Table 6.3.  Mean microprobe data for dioctahedral micas in the different granite types  
(wt. % / atoms per formula unit). 
 
Granite type CGGSP CGGP MGG Msc CGGSP Msc Msc 
Mica Msc Msc Msc Msc FeMsc FeMsc LiFeMsc 
 n 14 5 6 26 5 24 6 
M
a
jo
r 
e
le
m
e
n
t 
SiO2 46.20 46.39 46.05 46.02 46.21 45.99 45.39 
TiO2 0.57 0.30 0.51 0.38 0.39 0.45 0.45 
Al2O3 34.06 34.76 33.79 33.58 33.42 32.05 32.35 
FeO 2.13 1.65 2.35 2.54 2.03 3.45 4.08 
MnO bd bd bd 0.11 0.055 0.13 0.20 
MgO 1.13 1.00 1.26 1.14 1.33 1.43 0.89 
CaO bd bd bd 0.031 bd 0.031 bd 
Na2O 0.69 0.62 0.76 0.73 0.55 0.60 0.64 
K2O 10.71 10.80 10.47 10.57 10.98 10.75 10.58 
F 1.05 0.75 1.06 1.45 1.18 1.79 2.62 
Li2O 0.36 0.23 0.37 0.49 0.42 0.67 1.21 
 H2O* 3.97 4.15 3.96 3.81 4.14 3.61 3.21 
 sum 100.82 100.54 100.57 100.76 100.69 100.85 101.57 
 O = F 0.44 0.31 0.45 0.61 0.50 0.75 1.10 
 total 100.38 100.23 100.12 100.14 100.19 100.10 100.47 
 
Si 6.157 6.173 6.155 6.161 6.188 6.187 6.092 
Al
IV
 1.843 1.827 1.845 1.839 1.812 1.813 1.908 
Y
 s
it
e
 
Al
VI 
3.505 3.624 3.478 3.459 3.438 3.267 3.209 
Ti 0.053 0.018 0.051 0.038 0.040 0.04 0.045 
Fe
(II)
 0.238 0.184 0.262 0.285 0.234 0.389 0.458 
Mn bd bd bd 0.006 0.005 0.012 0.019 
Mg 0.225 0.199 0.250 0.230 0.275 0.291 0.177 
Li 0.191 0.123 0.199 0.266 0.164 0.364 0.652 
X
 s
it
e
 Ca bd bd bd 0.001 0.002 0.001 bd 
Na 0.179 0.160 0.197 0.189 0.136 0.156 0.165 
K 1.821 1.833 1.785 1.805 1.874 1.844 1.812 
 OH 3.559 3.686 3.551 3.417 3.498 3.238 2.887 
 F 0.441 0.314 0.449 0.583 0.502 0.762 1.113 
 Mg-Li 0.034 -0.199 0.051 -0.036 0.111 -0.072 -0.475 
 Fe+Mn+Ti-Al -3.214 -3.422 -3.164 -3.131 -3.160 -2.823 -2.686 
 
Muscovite types: Msc - muscovite; FeMsc – Ferroan muscovite; LiFeMsc – Lithian ferroan 
muscovite; bd – below detection.  Li* and H2O* calculated per the methods described in Chapter 
Four. 
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Figure 6.7.  Ternary plot of Miller et al. (1981) showing arbitrary line of subdivision between 
primary magmatic and secondary muscovite using Ti, Mg and Na (apfu).  Secondary muscovite 
micas represent analyses of white mica alteration on feldspars.  The trend (black arrow) 
appears to reflect magmatic process and this method of defining muscovite mica origin may not 
be robust. 
The major element chemistry for muscovite determined in this study is 
consistent with previous studies from the Cornubian Batholith (Charoy, 1986; 
Stone et al., 1988; Henderson and Martin, 1989).  Muscovite from Müller et al. 
(2006a) was found to have a ferroan polylithionite composition, differing from 
this study.  This could be due to the Li calculation for trioctahedral micas being 
used rather than the equation for dioctahedral micas. 
6.4.2. Trace and critical metal chemistry 
As with the trioctahedral micas, data from this study are consistent with the 
limited measurements of the metals in muscovite (Table 6.4).  One study within 
the granite of the Viseu region, Portugal, also determined that white micas are 
the dominant hosts of Sn and W, with these elements, along with Ga, 
partitioning in favour of muscovite when biotite is present.  This study confirms 
this relationship, except in the most evolved granites (see discussion in section 
6.10.2.).  Critical metals have been plotted with FeO (wt. %) on the abscissa to 
represent the trioctahedral substitution controlling muscovite compositions.  
There are two main trends (Figure 6.8): 
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1. Increasing abundance with increasing FeO (Li, Nb, Mo, W and to some 
extent, Ta) (Figure 6.8a-d). 
2. Decreasing abundance with increasing FeO (In, Ga, Hf) (Figure 6.8e-f). 
Sn shows no clear trend.  It should be noted that all of the muscovite analyses 
come from the biotite-muscovite fractionation series (see further explanation in 
Chapter Seven).  There is no variation in critical metal abundance and whether 
the muscovite is deemed primary or secondary according to Figure 6.7. 
Table 6.4.  Mean (x̅) critical metal abundance in dioctahedral micas (ppm ±2σ). 
 Msc Msc CGGSP 
 
Msc (n=10) FeMsc (n=15) FeMsc (n=6) 
x̅ 2σ x̅ 2σ x̅ 2σ 
Li 2495 705 2971 721 1374 95 
Ga 114 17 118 23 155 12 
Nb 113 48 136 30 67 8 
Ta 46 12 26 16 11.2 1.7 
In 0.68 0.17 0.61 0.16 1.12 0.05 
Sn 67 12 62 13 65 6 
W 97 16 124 27 75 6 
Mica abbreviations: Msc – muscovite; FeMsc – Ferroan muscovite. 
During trioctahedral substitution, Fe in the Y-site increases at the expense of 
AlVI in the substitution 3(X2+)VI = 2AlVI + (□)VI where (□) is an octahedral vacancy 
to maintain the neutral charge.  In this coordination, W4+ (0.80 Å) and Li+ (0.90 
Å) have suitable charges and ionic radii for substitution in a similar style to Fe 
(Fe2+, 0.75-0.92 Å).  Niobium and Ta also show similar ionic radii but may 
require more complex substitutions owing to their charge.  Trivalent ions In 
(In3+, 0.94 Å) and Ga (Ga3+, 0.76 Å) do not appear to substitute into muscovite 
using the same mechanism as Fe, W and Li, although their ionic radii are 
suitable.  Increased trioctahedral substitution in dioctahedral micas occurs at 
lower temperatures (Monier and Robert, 1986).  Figure 6.8 could therefore be 
read as decreasing temperature with increasing FeO.  This supports the 
observations in Chapter Five that muscovite is a late-stage / subsolidus mineral 
in the granites.  This also has implications for the critical metals; where 
muscovite is a dominant host (e.g. W) then these minerals are incompatible 
during magmatic processes. 
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Figure 6.8.  Element (ppm) vs. FeO (wt. %) for dioctahedral micas..  (a) Li. (b) Nb. (c) Ta.        
(d) W. (e) In. (f) Ga. 
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When muscovite and trioctahedral micas are major silicate minerals, muscovite 
is the dominant host of Nb, In, Sn, W and to a lesser extent Ta, not accessories.  
As muscovite is a late forming mineral, as evidenced by the textures described 
in chapter five, this implies that all of these elements are incompatible during 
magmatic processes.  The breakdown of muscovite would therefore be an 
important process in releasing critical metals to any hydrothermal fluids. 
6.5. Tourmaline 
Like the micas, the chemistry of tourmaline can be complex, with several solid 
solution series and ionic substitutions existing resulting in a divergence from the 
general formula.  The tourmaline group can be represented by the general 
formula XY2Z6(T6O18)(BO3)3V3W where common occupancies include: 
X – Na, Ca, K, vacant 
Y – Li, Fe2+, Mg, Mn, Al, Cr3+, V3+, Ti4+ 
Z – Al, Fe3+, Mg, V3+, Cr3+ 
T – Si, Al, B 
B – B, vacant ([ ]) 
V – OH, O 
W – OH, F, O 
Common end members of solid solution series include schorl and dravite, with 
less common species including elbaite and foitite: 
Schorl: NaFe3Al6(BO3)Si6O18(OH)4 
Dravite: NaMg3Al6(BO3)3Si6O18(OH)4 
Elbaite: Na(Li,Al)3Al6(BO3)3Si6O18(OH)4 
Foitite: [ ]Na<0.5(Fe,Al)3Al6Si6O18(BO3)3(OH)4 
Studies of tourmaline chemistry in SW England have previously been carried 
out with authors debating the origin and crystallisation stage of the mineral 
(London and Manning, 1995; Williamson et al., 2000).  Discussion over whether 
orange tourmaline is magmatic and blue tourmaline is hydrothermal (colours in 
plane polarised light) is ongoing.  Recent work on B isotopes within the orange 
“magmatic” tourmaline, orbicule tourmaline and blue hydrothermal vein 
tourmaline has concluded that the magmatic and orbicule tourmaline have 
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distinctive characteristics to hydrothermal tourmaline (Drivenes et al., 2014).  A 
PhD on trace element systematics of tourmaline in SW England (following on 
from Marks et al., 2013) is currently in progress at the University of Tübingen 
which will go beyond the scope of this project and also analyse B and Li 
isotopes and crystal zoning. 
Major element tourmaline data from this study indicate that the majority of the 
tourmaline contained within the granites is of schorl composition with the rims of 
tourmaline from the aplites and tourmaline of the topaz granites occasionally 
reaching elbaite compositions (Figure 6.9, Table 6.5).  The parameter 
Mg/(Mg+Fe) decreases with granite evolution. 
 
Figure 6.9.  Tourmaline compositions in the different granite types (atoms per formula unit).  
Data from Manning (1991) and London & Manning (1995) shown for comparison. 
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Table 6.5.  Mean microprobe data for tourmaline in the different granite types wt. % / apfu). 
 
CGGP CGGSP MGG Msc LiM GQ EQ 
C R C R C C R C C R C R 
n 12 4 9 6 6 21 5 4 4 3 6 5 
SiO2 35.22 35.06 35.94 35.86 35.90 35.40 35.47 35.12 35.36 35.93 35.55 34.95 
TiO2 0.47 0.87 0.50 0.57 0.50 0.55 0.60 0.28 0.46 0.71 0.47 0.54 
Al2O3 34.89 33.22 34.64 34.63 34.69 34.74 34.87 34.62 35.02 35.15 34.53 34.77 
FeO 11.18 11.87 9.72 9.46 10.01 12.08 12.38 13.33 12.85 12.19 13.72 13.70 
MnO 0.12 0.16 0.07 0.06 0.09 0.17 0.16 0.16 0.13 0.19 0.17 0.16 
MgO 2.57 2.47 3.46 3.61 3.16 1.77 1.71 1.33 1.37 1.38 0.80 0.81 
CaO 0.32 0.32 0.27 0.27 0.24 0.15 0.15 0.11 0.19 0.16 0.08 0.14 
Na2O 1.96 2.03 1.86 1.92 1.94 1.89 1.91 2.10 1.87 2.33 1.93 2.03 
Li2O 0.04 0.04 0.03 0.03 0.04 0.05 0.05 0.30 0.05 0.04 0.07 0.07 
K2O 0.19 0.35 0.12 0.21 0.38 0.33 0.32 0.05 0.37 0.75 0.28 0.30 
F 0.14 0.01 0.08 0.10 bd 0.15 0.15 0.15 0.05 0.06 0.18 0.17 
T: Si 5.797 5.856 5.888 5.871 5.869 5.841 5.826 5.822 5.820 5.879 5.874 5.798 
Al 0.203 0.144 0.112 0.129 0.131 0.159 0.174 0.178 0.180 0.121 0.126 0.202 
X: Na 0.625 0.658 0.591 0.610 0.613 0.606 0.607 0.674 0.596 0.740 0.618 0.654 
Ca 0.057 0.056 0.048 0.040 0.041 0.027 0.027 0.020 0.034 0.019 0.011 0.020 
K 0.011 0.008 0.009 0.008 0.008 0.004 0.005 0.010 0.011 0.005 0.007 0.011 
Vac (□) 0.308 0.277 0.353 0.342 0.338 0.363 0.361 0.296 0.359 0.236 0.364 0.315 
Y: Al 0.566 0.395 0.576 0.552 0.553 0.597 0.575 0.587 0.614 0.658 0.594 0.597 
Ti 0.059 0.109 0.062 0.070 0.061 0.065 0.074 0.035 0.057 0.087 0.059 0.067 
Fe 1.540 1.658 1.332 1.296 1.368 1.667 1.700 1.848 1.769 1.668 1.897 1.900 
Mg 0.631 0.614 0.845 0.880 0.770 0.435 0.419 0.328 0.337 0.093 0.196 0.202 
Mn 0.007 0.004 0.007 0.004 0.005 0.016 0.018 0.018 0.008 0.015 0.010 0.004 
Li 0.112 0.183 0.066 0.128 0.248 0.157 0.214 0.205 0.223 0.494 0.173 0.210 
Z: Al 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
OH 3.953 3.999 3.991 3.964 4.000 3.951 3.961 3.939 3.972 3.708 3.938 3.910 
F 0.047 0.001 0.009 0.036 bd 0.049 0.039 0.061 0.028 0.012 0.062 0.090 
Mg/(Mg+Fe) 0.291 0.268 0.388 0.405 0.360 0.203 0.196 0.151 0.161 0.053 0.094 0.095 
□/(□+Na) 0.330 0.294 0.374 0.359 0.355 0.374 0.382 0.306 0.376 0.242 0.370 0.326 
Abbreviations: C – core; R – rim; bd – below detection; □ – vacancy. 
Tourmaline is not the dominant host for any critical metal in this study but does 
contribute to the whole rock abundance of Ga and In (Table 6.6).  A study by 
Klemme et al. (2011) analysed all of the critical metals in coexisting tourmaline 
and white mica.  The concentrations in the Klemme study (2011) and this study 
are broadly similar for Li in the biotite granites but all other critical metals are 
present in much higher concentrations in SW England.  Low concentrations of 
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metals such as Rb and Cs alongside low concentrations of Sn and W have 
previously been interpreted to represent magmatic rather than hydrothermal 
tourmaline, as granite-fluids would be expected to have high concentrations of 
these elements (Jiang et al., 2004).  Tourmaline from the Erzgebirge, Germany, 
shows lower Li, but similar Nb, Ta, Sn and W (Marks et al., 2013).  There 
appears to be no systematic variation in metal abundance between the core 
and rim of tourmaline; further investigation would be required to determine 
variation between sectors, as per the study of Marks et al. (2013). 
Table 6.6.  Mean (x̅) critical metal abundances in tourmaline (ppm ± 2σ). 
 CGGSP (n=10) CGGP (n=7) Msc (n=16) EQ (n=3) 
 x̅ 2σ x̅ 2σ x̅ 2σ x̅ 2σ 
Li 116 21 115 8 210 70 509 150 
Ga 147 9 112 16 120 31 147 32 
Nb 0.61 0.20 1.64 0.56 2.63 1.37 0.76 0.09 
In 0.25 0.03 0.18 0.07 0.20 0.06 0.16 0.02 
Sn 7 1 20 8 10 3 5 2 
Ta 0.30 0.11 1.23 0.50 1.20 0.58 0.25 0.07 
W 0.17 0.14 0.46 0.31 0.07 0.02 0.12 0.11 
 
Using Mg/(Mg+Fe) as the abscissa, as this parameter effectively tracks 
tourmaline evolution in Figure 6.9, four trends are apparent: 
1. Increasing abundance with decreasing Mg/(Mg+Fe) (Li, Mn, Zn, Y) (e.g. 
Figure 6.10a) 
2. Decreasing abundance with decreasing Mg(Mg+Fe) (Co, Ni, Sr, LREE) 
3. Increasing abundance with decreasing Mg/(Mg+Fe) but deficient in 
tourmaline granites (Nb, Ta, In, Sn) (e.g. Figure 6.10b-d) 
4. No overall trend (V, Cr, Sc, Cu, Ga, Eu, Pb) (e.g. Figure 6.10e) 
W remains below detection limits in the majority of analyses and therefore no 
overall trend can be ascertained.  As per the trends observed in the 
trioctahedral micas, Nb, Ta, In and Sn are deficient in tourmaline from the most 
evolved granite types (equigranular tourmaline granite).  The processes 
controlling this depletion are unclear but it could be due to exsolution of a fluid 
phase or crystallisation of accessory minerals such as Nb- and Ta-bearing rutile 
or cassiterite.  
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Figure 6.10. Element (ppm) vs. Mg/(Mg+Fe) 
(apfu) showing three of the four main trends 
for trace elements in tourmaline.  Increasing 
abundance with decreasing Mg/(Mg+Fe): (a) 
Li Increasing abundance with increasing 
Mg/(Mg+Fe) but deficient in tourmaline 
granites:  (b) Nb  (c) Ta  (d) Sn  and no 
overall trend: (e) Ga 
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6.6. Alkali feldspar 
Major element chemistry indicates that alkali feldspar in both phenocrysts and 
groundmass is orthoclase.  For major element data there is no variation 
between the core and rim of phenocrysts (Table 6.7).  Microperthite within 
phenocrysts trends towards albite compositions and shows limited variation 
across different granite types (Or1-3Ab93-98An0-5). 
Table 6.7.  Mean microprobe data for alkali feldspar in the different granite types (wt. %). 
 CGGP CGGSP MGG Msc LiM GQ EQ Tz 
Or 95.02 90.35 93.70 93.86 94.03 94.03 93.75 92.77 
Ab 4.89 9.60 6.30 6.08 5.97 5.91 6.25 7.23 
An 0.09 0.05 0.00 0.06 0.00 0.06 0.00 0.00 
   
Trace element discrimination diagrams for alkali feldspar LA-ICP-MS data show 
trends indicative of fractionation.  Using Sr as the abscissa, Rb decreases 
whereas Ba, Eu and Pb increase (Figure 6.11).  All of these trends indicate 
fractionation processes (e.g. Bergemann et al., 2014).  The tourmaline granites 
on these plots also plot towards more evolved compositions showing that these 
granites are more evolved than the other granite types.  As with major and trace 
element geochemistry, discussed in chapter seven, the topaz granites plot 
within their own field.  The spread across the biotite and muscovite granite 
types can be attributed to the analyses coming from both core and rim 
orthoclase; core compositions plot towards the least evolved compositions (i.e. 
lower Rb, higher Sr, Ba). 
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Figure 6.11.  Discrimination diagrams for trace elements in alkali feldspar.  (a) Sr vs. Rb. (b) Sr 
vs. Ba. (c) Sr vs. Eu. (d) Sr vs. Pb. 
Rare earth elements were often below detection within the alkali feldspars, 
particularly within more evolved granite types.  Limited data indicate that there 
is a decrease in the LREE and Eu from core to rim of alkali feldspar 
phenocrysts (Figure 6.12).  This supports the petrographic observation that 
these are phenocrysts with the drop in REE attributed to fractionation of REE-
bearing accessory minerals and therefore a decrease in the REE available in 
the residual melt for partitioning into alkali feldspars. 
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Figure 6.12.  Typical REE profiles for alkali feldspar (a) coarse-grained small phenocryst biotite 
granite (Carnmenellis Granite) (b) Coarse-grained porphyritic biotite granite from the (Dartmoor 
Granite).  Coloured circles indicate the core and white circles the rim of the phenocryst. 
The critical metals In, Nb, Ta and W are below detection within alkali feldspars 
and they are therefore not major hosts of these metals.  Gallium is present 
within alkali feldspar showing a moderate increase with fractionation.  There is 
no relationship between Al2O3 and Ga as with plagioclase (Figure 6.13).  Tin 
(15.3 ± 6.4) and Li (10.9 ± 7.5) are present within alkali feldspar but show no 
overall trends possibly reflecting presence of these elements within white mica 
alteration of the crystals, which is widespread (Chapter Five). 
Figure 6.13.  Gallium plots for alkali feldspar.  (a) Sr vs. Ga. (b) Al2O3 vs. Ga. 
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Sn is present in alkali feldspar phenocrysts in abundances up to 30 ppm.  The 
Sn abundances are lower within cores of alkali feldspar phenocrysts but there 
are no conclusive correlations between Sn and elements typically used as 
indicators of magmatic processes such as Sr and Ba.   
6.7. Plagioclase 
There is a marked variation of plagioclase composition between the different 
granite types (Table 6.8; Figure 6.14).  Core plagioclase also shows a different 
composition and is typically more calcic than crystal rims.  The more evolved 
tourmaline and topaz granites have plagioclase compositions of almost pure 
albite (Ab > 98).  
Table 6.8.  Mean microprobe data for plagioclase (core and rim) in the different granite types. 
 CGGP CGGSP MGG Msc LiM EQ GQ Tz 
Core 
Or 3.4 1.6 2.5 1.5 1.2 1.8 1.0 0.8 
Ab 84.0 79.4 85.7 94.3 96.4 92.9 98.3 98.6 
An 12.7 19.0 11.7 4.1 2.4 5.3 0.7 0.6 
Rim 
Or 1.3 2.2 1.8 1.1 0.3 0.9 0.7 0.7 
Ab 97.6 79.6 87.7 97.2 98.8 98.1 98.5 98.5 
An 1.1 18.2 10.4 1.8 1.0 1.0 0.8 0.8 
 
Figure 6.14.  Ternary plot of plagioclase compositions. 
Trace element patterns for Ba and Eu vs. Sr are similar to those within alkali 
feldspar with both elements increasing with increasing Sr.  The Sr vs. Eu plot 
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shows a particularly strong correlation with limited scatter across all granites 
types with Eu present in higher concentrations than within alkali feldspar.  Plots 
for Sr vs. Rb and Pb show no overall trends with lower abundances for these 
elements, along with Ba, relative to alkali feldspars (Figure 6.15).  As with alkali 
feldspar, Ba and Eu show higher abundances within the cores of crystals and 
plagioclase contained within the least evolved granite suites. 
Figure 6.15  . Trace element discrimination diagrams for plagioclase. (a) Sr vs. Rb. (b) Sr vs. 
Ba. (c) Sr vs. Eu. (d) Sr vs. Pb. 
Plagioclase contains the highest ∑REE abundance of any major mineral 
analysed in this study.  As with alkali feldspar, plagioclase shows a relative 
enrichment in LREE and Eu compared to HREE.  There is also a decrease in 
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∑REE moving from core to rim and a decrease in ∑REE in more evolved 
granites suites and topaz granites (Figure 6.16). 
Figure 6.16.  Chondrite normalised REE profiles for plagioclase.  (a) Coarse-grained small 
phenocryst biotite granite (Carnmenellis Granite) (b) Coarse-grained porphyritic biotite granite 
(Dartmoor Granite).  (c) Muscovite granite (Kit Hill).  (d) Topaz granite (St. Austell Granite).  
Coloured circles indicate the core and white circles the rim of the phenocryst. 
Plagioclase is the dominant host for Ga within more evolved granite stocks 
supporting the study of Ewart and Griffin (1994).  Gallium shows slightly lower 
abundances within the cores of crystals relative to the rim (Figure 6.17) implying 
that Ga in the Cornubian Batholith is not as compatible in higher-Ca 
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plagioclase, remaining in the melt until partitioning into low-Ca plagioclase of 
more evolved granites.   
There is a positive correlation between Ga and Al, investigated due to the 
occurrence of Ga within bauxite ores (Butcher and Brown, 2014) and previous 
descriptions of Ga substituting for Al within albite and biotite (Fleet, 1991; Ewart 
and Griffin, 1994).  Plagioclase with a high albite component from the topaz 
granites (and therefore lower Al and Sr) shows an upward scatter in Ga 
concentrations (Figure 6.17). 
Figure 6.17.  Gallium plots for plagioclase. (a) Sr vs. Ga.  (b) Al2O3 vs. Ga. 
6.8. Topaz 
Topaz occurs as a major mineral within topaz granites and was analysed for its 
critical metal content by LA-ICP-MS.  The major element composition of the 
topaz in this study show similarities with topaz from other localities in Cornwall 
such as Trethosa china clay pit and Belowda Beacon (Manning and Exley, 
1984).  Greisen topaz shows higher F and lower H2O contents (Williamson et 
al., 1997b).  The atomic proportion of F within the F-OH site is consistent and 
approximately 0.77. 
The critical metals are not dominantly hosted by topaz relative to other major 
minerals (Table 6.9).  It was noted, however, that two analyses showed higher 
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concentrations of critical metals such as Sn, Nb, Ta and W.  This has been 
attributed to analysis of inclusions contained within topaz; these have previously 
been shown to be rich in these elements (Williamson et al., 1997); these 
analyses are not included within Table 6.9.   
Table 6.9.  Major and trace element data for topaz from topaz granite (St. Austell).  H2O 
calculated assuming F + OH = 2.000.  Number of major element analyses = 9; number of critical 
metal analyses = 3. 
 Mean wt. % (apfu)  Mean (ppm ± 2σ) 
% of analyses 
below detection 
SiO2 32.47 (0.794) Li 1.84 ± 0.61 0 
Al2O3 55.84 (1.609) Ga 6.1 ± 5.7 0 
F 19.96 (1.543) Nb 0.50 ± 1.4 0 
Total 108.28 Ta 0.097 ± 0.18 0 
O=F 8.41 In 0.020 67 
H2O* 2.80 (0.457) Sn 1.17 ± 0.27 33 
Total 99.52 W 0.68 ± 0.49 0 
F/(F+OH) 0.772    
 
6.9. Cordierite 
The general formula of cordierite is X0-1M2T9O18 where X is H2O, Na, K or Ca, M 
is Mg, Mn, Fe or Li in octahedral coordination and T is Al4Si5 in tetrahedral 
coordination.  For both EPMA and LA-ICP-MS analysis, points free from pinite 
alteration were analysed, usually towards the edges of crystals.  Cornish 
cordierite contains less Mg than cordierite reported from other S-type granites 
elsewhere in the world (Antunes et al., 2008; Erdmann et al., 2009).  The 
Mg/(Mg+Fe+Mn) ratio of 0.53-0.57 with total channel cations (Na, Ca and K) of 
0.19-0.25 place cordierite in this study well within the primary magmatic 
cordierite field of Pereira and Bea (1994).  This is consistent with textural 
observations of cordierite form, such as euhedral crystals and “sixling” twinning 
(Chapter Five).  There are very few analyses of cordierite from the Cornubian 
Batholith, possibly owing to extensive pinite alteration of most grains.  Pinite 
alteration also severely restricted analyses in this study. 
Cordierite is a host for both Li, which is in comparable abundances to coexisting 
biotite within the sample, and Ga which is present in higher abundances than 
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plagioclase.  High Li abundances within cordierite, along with Be, is also 
reported by Bea et al. (1994).  Other critical metals show low abundances 
(Table 6.10).  The REE budget of cordierite is higher than the micas and is 
comparable to that of plagioclase.  Patterns are LREE enriched with strong Eu 
anomalies consistent with the host granite whole rock REE patterns (Figure 
6.18). 
Table 6.10.  Major and trace element data for cordierite in a coarse-grained porphyritic biotite 
granite (Land’s End Granite).  Major oxides in wt. % (apfu); critical metals in ppm. 
 1 2 3 
SiO2 49.54 (5.135) 47.42 (5.027) 49.88 (5.139) 
Al2O3 33.37 (4.077) 32.60 (4.073) 32.45 (3.940) 
FeO 9.73 (0.844) 11.42 (1.012) 10.77 (0.928) 
MnO 0.251 (0.022) 0.307 (0.028) 0.224 (0.020) 
MgO 4.29 (0.680) 4.51 (0.731) 5.09 (0.802) 
CaO 0.472 (0.052) 0.418 (0.048) 0.408 (0.045) 
Na2O 0.157 (0.032) 0.176 (0.036) 0.184 (0.037) 
K2O 0.94 (0.124) 0.94 (0.128) 1.26 (0.166) 
Total 98.75 96.70 100.27 
100* Mg(Mg+Fe) 45 42 46 
Li 3294 3762 4514 
Ga 47 43 51 
Nb 0.11 0.17 0.27 
Ta 0.01 bd 0.03 
In 0.01 0.02 0.02 
Sn 5.04 5.19 6.72 
W 0.19 0.14 0.23 
bd – below detection 
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Figure 6.18.  Chondrite normalised REE pattern for cordierite from coarse grained porphyritic 
biotite granite (Land’s End Granite). 
6.10. Discussion 
6.10.1. Major minerals as indicators of granite evolution 
The trioctahedral micas, plagioclase, and to some extent tourmaline, are 
particularly effective at recording evolving melt compositions within the 
batholith.  As clearly shown in trioctahedral mica variation diagrams, there is a 
geochemical continuum from the least to the most evolved granites, supported 
by major and trace element geochemistry.  For example, the biotite-muscovite 
granite suite is effectively represented by the occurrence of Mg siderophyllite in 
the biotite granites and more Li-rich but Mg-poor Li-siderophyllites in the 
muscovite granites. 
Plagioclase in the most evolved muscovite, tourmaline and topaz granites is 
almost pure albite (An<8).  Tourmaline has a decreasing Mg/(Mg+Fe) value with 
increasing Li abundance with granite evolution.  The mineral chemistry of the 
major minerals can therefore provide valuable information about the processes 
controlling granite evolution, and therefore metal enrichment in SW England.  
Only alkali feldspar has a consistent major element composition throughout all 
granite types, although the trace element composition for alkali feldspar varies 
between the different granite types. 
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Major mineral chemistry as an indicator for granite evolutions has been 
recorded in several other granite terrains.  Within the Portuguese and German 
Variscan granites, variations in mineral chemistry reflect evolution of the host 
granite and minerals such as plagioclase and the micas are useful indicators of 
the melt composition at the time of crystallisation.  Similar to mineral chemistry 
in SW England, evolved granites from Germany contain plagioclase with low 
anorthite contents and evolved micas such as ferroan polylithionite (e.g. Förster 
et al., 1999; Neiva et al., 2011). 
6.10.2. Critical metal partitioning 
The partitioning of many of the trace elements into major minerals in granites is 
poorly constrained (Chapter Three).  Studies have typically focused on Rb, Ba 
and Sr due to their presence in all of the major granite rock-forming minerals 
(e.g. Blundy and Wood, 1991; Icenhower and London, 1995)  Partition 
coefficients for Ge, Ga, In, Sn, Nb, Ta and W have never been experimentally 
determined for peraluminous granites and the only indication of their magmatic 
behaviour is their Goldschmidt (1937) classification.  Partition coefficients for 
these trace elements may vary from system to system dependent upon factors 
such as the melt composition, temperature, pressure, presence of ligands, 
coupling of the trace elements with these ligands or crystallisation of accessory 
phases such as rutile, sulphides or oxides.  The mineral/melt ratios that follow 
are not true experimentally determined partition coefficients but represent the 
behaviour of elements within the granites of SW England (Table 6.11).  The 
mineral/melt ratios are calculated by dividing the mineral critical metal 
abundance by the whole rock abundance.  The mineral assemblage has an 
effect on the abundance of trace elements within individual minerals. 
Figure 6.19 shows the effect of the presence of muscovite on the partitioning of 
critical metals.  Within the coarse-grained porphyritic biotite granites and 
tourmaline granites, where muscovite is present only as an accessory mineral, 
(Figure 6.19b) Nb and Ta partition in favour of the trioctahedral mica present 
within the granite.  In biotite granite, the trioctahedral mica is Mg siderophyllite 
and within tourmaline granites either lithium siderophyllite or ferroan 
polylithionite.  Tungsten is depleted in the major minerals, partitioning into an 
unknown phase.  In muscovite and coarse-grained, small phenocryst biotite 
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granites, where muscovite is present as a major mineral, Nb and Ta are 
depleted in the major minerals, presumably partitioning into rutile or minerals 
such as columbite, whereas In, W and to some extent Sn, partition into 
muscovite (Figure 6.19a, c-d).  Where ferroan polylithionite or polylithionite are 
present, Nb, Ta, In to some extent Sn and W are all depleted in the major 
minerals (Figure 6.19e-f). 
The lack of Nb and Ta incorporated in the major rock forming minerals within 
the topaz and tourmaline granites is probably due to these elements being 
incorporated in rutile, forming ilmenorutile; the presence of Nb- and Ta-rich 
rutile has been previously established with columbite-tantalite also occurring 
within topaz granites (Scott et al., 1998; Müller and Halls, 2005).  When Li and F 
contents are high, Nb, Ta, Sn and W are preferentially retained within melts until 
the crystallisation of Li- and F-bearing minerals such as micas (Keppler, 1993; 
Linnen, 1998).  Late crystallisation of Ta- and Nb-bearing minerals then occurs 
with Nb- and Ta-enrichment attributed to processes such as fractional 
crystallisation (Linnen, 1998).   
Nb and Ta show increased partitioning into rutile in high-F melts (Keppler, 1993) 
and the St. Austell topaz granites have up to 1.6 wt. % F compared to values of 
around 0.4 wt. % F for biotite granites within the same pluton (Manning and Hill, 
1990).  Tin may also form accessory cassiterite or partition into rutile under high 
F conditions (Breiter et al., 2007).  The presence of Mn within Nb-rutile of the 
Tregonning Granites, as detected during scanning electron microscope (SEM) 
analysis, is also due to high F resulting in favourable enrichment of Mn within 
rutile (Keppler, 1993), confirming high F concentrations for this granite type.  
The depletion of Nb and Ta within the major minerals of tourmaline granites can 
also be attributed to the high presence of F (0.98 wt. % in a sample from the 
same locality analysed by Manning et al. 1996).  Samples where the Nb and Ta 
are incorporated into muscovite show low wt. % F.  For example, the sample 
from Castle-an-Dinas fine-grained muscovite granite has 0.16 wt. % F (Chappell 
and Hine, 2006) and over 80% of the total whole rock Nb can be accounted for 
in muscovite. 
The similar trends shown by Nb, Ta, W and Sn are typical of rare metal 
granites, as classified by Pollard (1989) (see further discussion in Černŷ et al., 
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2005).  With In often displaying the same trends, In appears to be influenced by 
similar factors (e.g. high Li and F).  Further work is required to determine the 
partitioning of In into accessory minerals within the granites as rutile within 
tourmaline breccia and greisen mineralisation is not rich in In (Jens Andersen, 
personal communication, August 2014).  Principal component analysis of major 
element geochemistry shows that In has an association with As, Cu and Bi (a 
“sulphide” assemblage) within the tourmaline granites rather than Nb, Ta, Sn 
and W (the “rutile” assemblage). 
Given the lack of published analyses for the critical metals there are very few 
comparisons for the mineral/melt ratios in this study and in the literature.  In a 
study of phenocryst / leucosome mineral abundances, Bea et al. (1994) 
determined similar values for Nb and Ta in cordierite, alkali feldspar and 
plagioclase but slightly higher mineral/leucosome values for Nb and Ta in 
biotite.  The In abundances within biotite are higher with those reported from 
granites in the Erzgebirge, Germany but considerably lower than the values 
reported for muscovites from the granite at Yakutiya, Russia (Ivanov, 1983 in 
Schwarz-Schampera and Herzig, 2002).
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Table 6.11.  Mineral / melt ratios for critical metals (± 2σ). 
 Li Ga Nb Ta In Sn W Mineral assemblage 
Mg siderophyllite 10.77 ± 1.21 3.19 ± 0.47 13.69 ± 5.25 8.92 ± 6.47 3.28 ± 0.50 4.05 ± 0.75 1.16 ± 0.86 
Qtz + MgS +Kfld + Msc + Plag + Tur 
(Zrc + And + Mon + Ap + Rt) 
Muscovite 4.67 ± 0.72 5.19 ± 0.94 6.15 ± 1.37 8.47 ± 4.35 18.66 ± 1.44 7.66 ± 2.05 22.35 ± 6.23 
Plagioclase 0.12 ± 0.24 1.15 ± 0.38 bd 0.08 ± 0.24 0.25 1.01 ± 0.44 0.02 ± 0.01 
Alkali feldspar 0.04 ± 0.04 0.69 ± 0.16 0.07 0.02 ± 0.04 bd 1.59 ± 0.30 0.01 
Tourmaline 0.42 ± 0.17 4.89 ± 0.65 0.09 ± 0.21 0.57 ± 1.04 4.55 ± 2.80 1.00 ±1.32 0.05 ±0.05 
Siderophyllite 9.09 ± 0.95 3.90 ± 0.94 2.22 ± 1.73 4.71 ± 1.99 3.55 ± 0.16 3.26 ± 0.24 2.19 ± 2.40 
Qtz + S + Kfld + Plag + Tur + Crd 
(Zrc + Msc+ Mon + Ap + Rt) 
Plagioclase 0.04 ± 0.02 1.55 ± 0.34 0.003 ± 0.002 0.01 ± 0.01 0.06 ± 0.03 0.82 ± 0.32 0.14 ± 0.15 
Alkali feldspar 0.03 ± 0.01 0.79 ± 0.35  0.01 0.28 ± 0.39 0.99 ± 0.37 0.04 
Tourmaline 0.51 ± 0.06 5.28 ± 0.78 0.10 ± 0.05 0.32 ± 0.14 1.68 ± 0.51 1.33 ± 0.31 0.14 ± 0.22 
Cordierite 16.81 ± 5.37 1.60 ± 0.30 0.01 ± 0.01 0.01 ± 0.01 0.20 ± 0.08 0.54 ± 0.18 0.05 ± 0.02 
Li siderophyllite 19.48 ± 2.96 4.25 ± 0.26 12.81 ± 5.55 2.02 ± 1.48 5.96 ± 2.13 4.99 ± 2.94 1.87 ± 0.94 
 
Qtz + LiS + FeMsc + Kfld + Plag + Tur 
(Zrc + Mon + Ap + Rt) 
Ferroan muscovite 8.25 ± 1.27 5.01 ± 0.26 11.61 ± 1.64 3.75 ± 1.03 11.38 ± 2.22 5.26 ± 1.32 11.30 ± 2.09 
Plagioclase 0.20 ± 0.04 1.48 ± 0.82 0.03 ± 0.02 0.01 bd 1.14 ± 0.38 0.11 ± 0.02 
Alkali feldspar 0.02 ± 0.02 0.66 ± 0.11 0.004 ± 0.003 bd bd 1.01 ± 0.38 0.02 ± 0.02 
Tourmaline 0.74 ± 0.62 5.01 ± 1.05 0.17 ± 0.08 0.21 ± 0.12 3.36 ± 1.65 0.96 ± 0.88 0.01 
Ferroan polylithionite 30.16 ± 4.98 4.07 ± 0.72 3.54 ± 1.36 3.19 ± 1.72 15.38 ± 9.78 12.37 ± 3.47 30.81 ± 9.73 
Qtz + FP + Kfld + Plag + Tur 
(Zrc + Msc+ Mon + Ap + Rt*) 
Plagioclase 0.03 ± 0.02 1.33 ± 0.50 0.03 ± 0.09 0.03 ± 0.07 0.18 1.49 ± 1.03 0.35 ± 0.80 
Alkali feldspar 0.09 0.83 0.001 0.003 0.59 0.48 0.05 
Tourmaline 0.96 ± 0.56 5.43 ± 2.39 0.09 ± 0.24 0.07 ± 0.04 2.29 ± 0.47 0.56 ± 0.42 0.03 ± 0.0002 
Polylithionite 16.78 ± 1.57 2.45 ± 0.19 2.23 ± 2.02 1.10 ± 0.80 6.33 ±1.97 0.56 ± 0.16 6.81 ± 2.51 
Qtz + Poly + Kfld + Plag + Tz 
(Zrc + Msc+ Mon + Ap + Rt* + Cst) 
Alkali feldspar 0.01 ± 0.01 1.03 ± 0.16 0.002 ± 0.002 0.001 0.13 0.38 ± 0.05 0.01 ± 0.01 
Plagioclase 0.03 ± 0.02 1.33 ± 0.50 0.03 ± 0.05 0.03 ± 0.07 0.18 1.49 ± 1.03 0.35 ± 0.40 
Topaz 0.002 ± 0.002 0.30 ± 0.52 0.01 ± 0.02 0.004 0.60 ± 0.31 0.11 ± 0.19 0.02 ± 0.01 
 
*Contain Nb- and Ta-rich rutile.  Where one value is shown, n=1; bd = below detection.
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Figure 6.19.  Critical metal distribution show as cumulative % of whole rock abundances for the 
different granite types.  (a) Coarse-grained porphyritic small phenocryst biotite granite.   
(b) Coarse-grained porphyritic biotite granite.  (c) Muscovite granite (no lithium siderophyllite).  
(d) Muscovite granite (with lithium siderophyllite).  (e) Equigranular tourmaline granite.   
(f) Topaz granite. 
6.10.3. Implications for granite petrogenesis and ore-forming processes 
The distribution of the trace elements within the trioctahedral and dioctahedral 
micas is a reflection of the expected behaviour of the elements in a silicate melt.  
Elements such as Rb and W are incompatible during melting and crystallisation 
processes and would be expected to partition into fluids over any crystallising 
assemblage.  This is supported by mineral chemistry; where muscovite is 
present as a late stage mineral, it is more enriched in these elements relative to 
any trioctahedral mica present.  Where muscovite is not present, these 
elements are incorporated into the evolved trioctahedral micas such as ferroan 
polylithionite.   
In the Beauvoir Granite, Massif Central, France, polylithionite is the main host 
for W, cassiterite the major host for Sn and Nb-Ta minerals for Nb and Ta.  
Incorporation of these metals into magmatic minerals is interpreted to reflect 
minimal partitioning into exsolving fluids.  Niobium and Ta also probably 
partition into accessory minerals within the tourmaline granites and within the 
topaz granites Nb, Ta, In, Sn and W are all within accessory minerals.  
Therefore, these elements would not be expected to be found in great quantities 
in any fluids exsolving from these granites.  Within muscovite granites, a great 
proportion of the critical metals reside within muscovite which on breakdown 
may prove favourable for mineralisation (as per Neves, 1997). 
Magmatic cordierite provides key constraints on the temperature, pressure and 
water-content during source melting and subsequent granite crystallisation.  
Cotectic cordierite forms from water undersaturated low temperature melts at 
low pressure with high A/CNK and high Mg and Fe contents favouring 
crystallisation (Clarke, 1995).  Addition of water would move the reactions into 
the realms of the “two-mica” granites where hydrous minerals can crystallise.  
The occurrence of cordierite and the lack of muscovite in the younger coarse-
grained porphyritic biotite granites relative to the coarse-grained small 
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phenocryst granites provides important constraints on these granites and is 
further evidence for two suites of granites (Patiño Douce, 1992; Zen, 1989 in 
Clark, 1995).  
Feldspar and mica chemistry support the presence of two fractionating granite 
suites.  The coarse-grained cordierite-bearing porphyritic biotite granites typical 
of the Dartmoor and Land’s End plutons plot towards the least evolved 
compositions on major element plots.  However, these granites contain more 
evolved micas than the older biotite granites typical of the Carnmenellis and 
Bodmin plutons.  Feldspar compositions are similar across all biotite granite 
types.   
6.11. Conclusions 
The critical metals are not uniquely hosted within one mineral (Table 6.12).  
Only Li and Ga are hosted by major minerals within all granite types.  Within the 
biotite-muscovite fractionation suite, Nb, Ta, In, Sn and W partition in favour of 
muscovite where biotite is not present.  Gallium is hosted by plagioclase and Li 
by biotite.  For the biotite-tourmaline fractionation suite, accessory minerals 
must be the dominant hosts for Nb and Ta with evolved ferroan polylithionite 
micas hosting Li, In, Sn and W.  Gallium is again hosted by plagioclase.  In 
topaz granites, accessory minerals must host Nb, Ta, In, Sn and W with Li 
hosted within polylithionite and Ga hosted in feldspars.   
It is known from peraluminous granite provinces elsewhere rich in Li, B, P and F 
that Nb, Ta, Sn and W partition into accessory minerals such as rutile, 
cassiterite and ferberite.  Partitioning of the critical metals could be a function of 
various different parameters including temperature, pressure melt or fluid 
composition.  It is beyond the scope of this study to determine exact partitioning 
controls but the charge and ionic radii of the critical metals are similar for major 
elements in micas and tourmaline. 
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Table 6.12.  Summary table of critical metal distribution across different granite types.  Where 
more than one mineral hosts the critical metal, the major host is shown first. 
 Li Ga Nb Ta In Sn W 
Topaz 
granite 
Poly Plag, Kfld Acc. Acc. Acc., Poly Acc. Acc., Poly 
Biotite granite-muscovite granite fractionation suite (CGGSP  Msc) 
CGGSP MgS Plag, Msc Bt, Msc Bt, Msc Msc Msc, Kfld Msc 
Msc Msc (LiS) Plag, Msc Msc Msc, Acc Msc Msc Msc 
Biotite granite-tourmaline granite fractionation suite (CGGP  GQ / EQ / LiM) 
CGGP S 
S, Plag, Kfld, 
Tur 
Acc. S, Acc. S, Acc. S, Kfld Acc. 
EQ FP 
Plag, Tur, 
FP, Kfld 
Acc. Acc. FP FP, Acc FP 
Poly – polylithionite; MgS – magnesium siderophyllite; LiS – lithium siderophyllite; S – 
siderophyllite; FP – ferroan polylithionite; Msc – muscovite; Plag – plagioclase; Kfld – alkali 
feldspar; Tur – tourmaline; Acc. = accessory mineral; LiS shown in brackets as LiS is not always 
present in muscovite granite. 
Varying mica and feldspar mineral chemistry support fractionation as a process 
for granite evolution in SW England.  There is a chemical continuum of 
compositions from magnesium siderophyllite to ferroan polylithionite for the 
trioctahedral micas and from oligoclase to albite for plagioclase feldspars.  The 
coarse-grained porphyritic granites and coarse-grained small phenocryst 
granites must represent the least evolved observed granites of two differing 
fractionating suites.  Tourmaline shows lower Mg/(Mg+Fe) in more evolved 
suites also.  Changes in trace element chemistry (Ba, Rb, Sr and the REE) from 
core to rim of alkali feldspar phenocrysts indicate evolving melt compositions. 
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Chapter 7: Whole Rock Geochemistry 
7.1. Introduction 
There have been extensive geochemical studies of the Cornubian Batholith, as 
discussed in Chapter Two.  However, several of the critical metals are not 
represented and this study not only presents analyses of these metals but new 
analyses of the more traditional major and trace elements.  . 
One hundred and fourteen granite, thirteen basalt and lamprophyre, three mafic 
microgranular enclave (MME), two rhyolite and four metasedimentary rock 
samples were analysed by ICP-MS for their trace and critical metal contents.  
Of these, eighty four granite, two rhyolite and seven basalt and lamprophyre 
samples were further analysed by XRF for their major and trace element 
contents.  The methods are detailed in Chapter Four.  This geochemical study 
has attempted to determine the trends of the critical metals during granite 
fractionation and evolution along with possible scenarios during alteration and 
provides an overview of the wider processes controlling granite evolution.  
Geochemical classification of granites, lamprophyres and basalts are discussed 
along with geochemical data for enclaves and metasedimentary host rocks.  
Experimental data from granite source melting experiments are utilised to rectify 
the source of the Cornubian granites.  These data are further utilised in Chapter 
Eight in modelling processes controlling granite formation and critical metal 
distribution.  
7.2. Geochemical classification of granites, lamprophyres and 
basalts 
The classification of granitoids rocks using whole rock geochemistry has been 
attempted by a number of different studies.  The S-I-A-M classification is 
commonly utilised and was originally developed by Chappell and White in the 
early 1970s to classify igneous (I) and sedimentary (S) sourced granites within 
the Lachlan Fold Belt (LFB), Australia.  Mantle (M) sourced granites were added 
in the late 1970s (White, 1979) with anorogenic (A) type granites defined by 
numerous authors in the 1980s (e.g. Whalen et al., 1987).  The application of 
the S-I-A-M scheme has been queried by several authors as S- and I- types 
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may sometimes be linked by fractionation from a common source and the 
scheme does not take account of mixing processes (Clarke, 1992; Frost et al., 
2001; Clemens, 2003). 
Alumina-saturation subdivision based on the ratio of Al2O3 / (CaO + Na2O + 
K2O) (A/CNK) give a broad representation of granite mineralogy.  Peraluminous 
granites (A/CNK >1) contain Al-rich minerals such as micas and cordierite, 
metaluminous granites (A/CNK <1) pyroxenes and hornblende and peralkaline 
granites (A<CNK) minerals such as aegirine (Clarke, 1992).  Geochemistry has 
been further used to distinguish source rocks (Patiño-Douce, 1999).  
Classification of tectonic setting using trace element plots has also been 
proposed (e.g. Pearce et al., 1984; Pitcher, 1997; Barbarin, 1999). 
Fine grained mafic rocks such as basalts can be readily classified using the 
total alkali silica (TAS) diagram (Le Maitre et al., 2005).  Lamprophyre 
classification is complex and not entirely resolved, particularly due to common 
alteration of outcrops.  Lamprophyres are characterised by their ultrapotassic 
nature, occurrence as dykes or minor lava flows, enriched high field strength 
elements (HFSE) and presence of hydrous minerals such as biotites or 
amphiboles (Rock, 1991).  Lamprophyric rocks, defined by the IUGS, include 
calc-alkaline, alkaline and ultramafic lamprophyres, kimberlites and lamproites 
(Le Maitre et al., 2002).  These are subdivided further, for example, calc-
alkaline lamprophyres include minettes, kersantites, spessartites and vogesites, 
all of which can be distinguished by their mineralogy.  Geochemical distinction 
using TAS diagrams results in a large scatter and no clear boundaries between 
lamprophyre types.  Rock (1991) proposed the use of CaO vs. MgO and K2O / 
Al2O3 vs. Fe2O3 / SiO2 plots to distinguish between different lamprophyre types 
although there are fields of overlap within these. 
All of the granite types are peraluminous, plotting well within this field on the 
A/NK vs. A/CNK diagram (Figure 7.1a).  A/CNK values are similar for the biotite, 
tourmaline and muscovite granites, averaging ~1.25.  The topaz granites have a 
higher average A/CNK of 1.35.  On the Y + Nb vs. Rb tectonic discrimination 
diagram of Pearce et al. (1984) all of the granite types plot within the syn-
collisional field with no differentiation between the different granite types.  The 
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one exception is the sample of the Neopardy Rhyolite which plots within the 
volcanic arc field. 
The lamprophyres have already been classified by their mineralogy as minettes 
and plot in the overlapping field on Rock’s classification diagrams (1991) so this 
cannot be used to aid classification.  On a total alkali vs. silica (TAS) diagram 
both the lamprophyres and the basalts plot across various fields of tephrite / 
basaltic affinity (Figure 7.2).  The scatter may be due to the variable alteration of 
the lamprophyres and basalts, as discussed in Chapter Five. 
 
Figure 7.1.  Geochemical classification diagrams for granites.  (a) A/NK vs. A/CNK plot showing 
all samples are peraluminous.  (b) Tectonic discrimination diagram of Pearce et al. (1984).  The 
sample within the volcanic arc field is the Neopardy Rhyolite. 
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Figure 7.2.  Total alkali vs. silica  diagram of basalt and lamprophyre compositions. BTA – 
basaltic trachy andesite; TB – trachybasalt.  Previous data from for basalts (squares) and 
lamprophyres (diamonds) shown (Thorpe et al., 1986; Leat et al., 1987; Fortey, 1992). 
 
7.3. Granite geochemistry 
In this study, major elements are plotted on Harker diagrams using SiO2 as the 
x-axis due to the occurrence within all rock types and a range of 69.8-77.7% in 
the granites which effectively spans all of the granite types.  SiO2 has previously 
been used as a granite fractionation index in studies of the Cornubian Batholith 
and so using SiO2 also provides an easy comparison with previous data 
(Darbyshire and Shepherd, 1994; Chappell and Hine, 2006; Müller et al., 
2006a).  As discussed in Chapters Five and Six, the older biotite granites and 
younger biotite granites appear to represent distinct suites, showing variable 
mineralogy and mineral chemistry.  There are only subtle variations in major 
element geochemistry, as discussed below, with examination of the trace 
elements (particularly Ba) more conclusive (Appendix 2).   
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7.3.1. Major and trace element geochemistry 
The major and trace element geochemistry of the SW England granites has 
been fairly well established and this study is broadly in agreement with previous 
studies (Ghosh, 1934; Hall, 1982; Darbyshire and Shepherd, 1985; Jefferies, 
1985; Charoy, 1986; Stone and Exley, 1989; Stone, 1992; Stimac et al., 1995; 
Manning et al., 1996; Chappell and Hine, 2006; Müller et al., 2006a).  Many of 
the previous studies utilised the same quarry sampling locations due to 
difficulties in sampling the cliff exposures of granite in the region. 
In all major and trace element plots there is a geochemical continuum between 
biotite and tourmaline granites with topaz granites typically forming their own 
trends that may or may not mimic the trends of the other granites.  Muscovite 
and tourmaline granites plot towards the higher SiO2 values indicating their 
more evolved characteristics.  Al2O3 has three trends: the younger coarse-
grained porphyritic biotite granites and tourmaline granites show decreasing 
Al2O3 with increasing SiO2, the topaz granites show the same trend but at a 
steeper gradient and the older coarse-, medium- and fine-grained biotite 
granites and muscovite granites show increasing Al2O3 with SiO2 (Figure 7.3a).  
There are also subtle variations in the gradient of the trends for TiO2 with the 
older biotite granites showing a steeper trend than the younger biotite granites 
(Figure 7.3b).  The “femic suite” of elements (Ti, Fe, Mn and Mg) CaO all show 
negative trends with increasing SiO2 (Figure 7.3c-f).   
Na2O increases with increasing SiO2 in the biotite, muscovite and tourmaline 
granites but decreases in the topaz granites (Figure 7.3g).  K2O is broadly 
uniform with a slight decrease and some upward scatter in the muscovite 
granites (Figure 7.3h).  For P2O5 there is a decrease followed by a marked 
increase for biotite, muscovite and tourmaline granites (Figure 7.3i).   
Previous classification of biotite, tourmaline and topaz granites using a Zr vs. 
Nb plot (Bromley et al., 1989; Manning et al., 1996) can be replicated in this 
study, showing that the biotite and muscovite granites have a wide Zr range 
with little Nb change whereas the tourmaline and topaz granites show the 
opposite relationship (Figure 7.4a).   
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Up to three differing trends can be observed on trace element plots, consistent 
with major element data.  Zr and Ba decrease with increasing SiO2 (Figure 7.4b-
c) with Sr (not shown) showing an almost identical trend to Ba.  The bulk of the 
biotite granites show Zr concentrations over the 100 ppm zircon saturation 
threshold expected for a peraluminous melt at 750°C implying source 
inheritance or high melting temperatures (Watson and Harrison, 1983) (Figure 
7.4b).  Rubidium shows an increase with SiO2 for both the biotite-tourmaline 
and biotite-muscovite granites.  The topaz granites and aplites scatter towards 
extreme Rb concentrations (over 2000 ppm) but overall show a negative trend 
(Figure 7.4d).  Thorium has a similar trend to Zr (Figure 7.4e).   
It is evident from the Harker and trace element plots that the topaz granites do 
not fall on the same geochemical continuum as the biotite and tourmaline 
granites.  The Neopardy Rhyolite also lies outside of typical observed trends 
(noticeable red cross at ~78 wt .% SiO2).  All trends for major elements, trace 
elements and critical metals have been checked using Fe2O3 (wt. %) and 1/TiO2 
as the abscissa considering the “closure” effect where false trends can be 
observed if one of the plotted components (e.g. SiO2) constitutes over half of 
the whole rock total (Rollinson, 1993).  Principal component analysis (PCA), 
discussed further in section 7.3.4. was also utilised to determine major trends. 
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Figure 7.3.  Major element Harker plots with 
SiO2 as the abscissa.  Dominant trends indicated 
for the different granite suites. Bt-Msc – biotite-
muscovite granite suite;  Bt-Tur – biotite-
tourmaline granite suite; Tz - topaz granites.  
(a) SiO2 vs. Al2O3.  (b) SiO2 vs. TiO2.   
(c) SiO2 vs. Fe2O3.  (d) SiO2 vs. MgO.   
(e) SiO2 vs. MnO. (f) SiO2 vs.  CaO.  
(g) SiO2 vs. Na2O.  (h) SiO2 vs. K2O.   
(i) SiO2 vs. P2O5 
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Figure 7.4.  Trace element plots.  Dominant 
trends indicated for fractionating sequences 
(Bt-Msc / Bt-Tur) and topaz granites (Tz).  
(a) Zr vs. Nb plot of Bromley et al., 1989 and 
Manning et al, 1991.  (b) SiO2 vs. Zr. 
Dashed line indicates zircon saturation.  (c) 
SiO2 vs. Ba.  (d) SiO2 vs. Rb.  (e) SiO2 vs. 
Th.  Th in topaz granites was below 
detection for all samples. 
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7.3.2. Critical metal geochemistry 
The critical metals show variable behaviour in the biotite-muscovite and biotite-
tourmaline granite suites and the topaz granites (Table 7.1).  When plotted 
against SiO2, Li, Be, Ga, In, Sn, W and Bi all increase with SiO2 whilst Ge 
decreases in the biotite-muscovite granites.  Within the same granite suite, Nb 
and Ta decrease in the biotite granites before increasing in muscovite granite.  
In the biotite-tourmaline granite suite, Li, Ga, Nb, Ta, In, Sn, W and Bi increase 
with SiO2 whereas Be and Ge decrease.  Limited data from the topaz granites 
and aplites means that no trends are discernible for Be, Sn, W and Bi whereas 
all other metals decrease.  Antimony shows no trends in any granite types 
(Figure 7.5).  
There are samples that show deviations from the observed trends.  For Li 
(Figure 7.5a), several samples (circled) show lower Li abundances than the 
remaining granite types which plot in a tight positive trend.  This could be due to 
alteration of the micas within these samples; it is noted in the study of 
Henderson and Martin (1989) that mica alteration results in loss of Li along with 
Rb, Cs and F.  This is confirmed in section 7.3.5., samples with chlorite 
alteration of feldspars show depletion in Li.  The circled samples on the In plot 
(Figure 7.5g) were taken in proximity to mineralisation and therefore these In 
abundances are thought to be influenced by mineralising fluids.  The circled 
muscovite granite sample on the Sn, Sb and W plots (Figure 7.5h-j) is from 
Hemerdon, a locality for which it was impossible to find an unaltered sample 
and so these critical metal abundances are thought to be partially 
representative of mineralising fluids. 
Relative to the average upper and lower crustal abundances of Taylor and 
McLennan (1985), the Cornubian Batholith shows strong enrichment in Li, W 
and Bi with moderate enrichment in Be, Ge, Sn, Nb and Ta (Table 7.1).  Gallium 
shows values similar to those expected of the average upper crust.  Values for 
In in the upper and lower crust are most likely incorrect due to too few analyses 
of this metal to make viable predictions of abundance (Frances Jenner, 
personal communication, March 2014).
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Table 7.1 . Average critical metal abundances in granitic rocks (± 2σ, ppm apart from In in ppb). 
 n Li Be Ga Ge In Sn Sb Nb Ta W Bi 
Biotite-tourmaline granite suite 
CGGP 28 230 ± 94 5.5 ± 2.6 23 ± 3 3.3 ± 0.4 50 ± 36 12 ± 5 0.43 ±0.25 17 ± 2 3.0 ± 1.0 6.2 ± 4.3 2.0 ± 0.4 
LiM 5 427 ± 116 4.6 ± 3.8 26 ± 1 2.4 ± 0.2 122 ± 52 14 ± 1 0.14 ± 0.03 26 ± 3 4.2 ± 0.8 9.4 ±2.1 3.0 ± 0.3 
GQ 10 525 ± 285 4.3 ± 2.2 28 ± 4 1.9 ± 0.5 65 ± 24 12 ± 3 0.35 ± 0.17 30 ±4 5.5 ± 2.0 7.1 ±3.5 2.7 ±0.9 
EQ 3 219 ± 273 2.1 ± 0.8 27 ± 2 1.4 ± 0.3 87 ±17 14 ± 4 0.22 22 ±12 3.6 ± 1.2 3.4 ± 2.0 2.0 ± 0.4 
Biotite-muscovite granite suite 
CGGSP 22 246 ± 95 6.9 ± 2.3 26 ± 2 2.5 ± 0.6 42 ±30 11 ± 4 0.28 ± 0.17 11 ± 3 2.3 ± 1.5 3.8 ± 1.9 2.2 ± 0.5 
MGG 12 291 ± 98 9.9 ± 4.1 26 ± 3 2.0 ± 0.9 50 ± 15 12 ± 2 0.26 ± 0.17 12 ± 2 2.0 ± 0.8 3.7 ± 1.1 2.2 ± 0.3 
FGG 6 78 ± 33 3.9 ± 3.1 23 ± 3 2.0 ± 0.9 51 ± 9 7 ± 6 0.31 ± 0.11 12 ± 3 2.0 ± 1.0 1.8 ± 1.2 1.4 ± 0.6 
Msc* 9 340 ±127 12.8 ± 3.3 25 ± 2 2.3 ± 0.3 77 ± 30 17 ± 5 0.18 ± 0.03 16 ±3 3.7 ± 0.7 11.9 ± 1.4 2.6 ± 0.2 
Topaz granites 
Tz 7 1363 ± 320 3.5 ± 1.9 38 ± 7 1.3 ± 0.4 47 ± 20 21 ± 4 0.36 ± 0.22 52 ± 18 14.6 ± 3.9 24.2 ± 8.8 4.2 ± 1.2 
Ap
a
 1 3619 15.2 37 3.0 30 7 bd 49 17.0 30.0 0.4 
Ap
b
 1 1315 2.5 43 1.9 51 9 bd 69 11.0 20.8 0.7 
Other 
Rhy
c
 1 298 2.4 15 1.0 64 26 0.85 13 4.3 6.2 0.10 
Rhy
d 
1 362 3.5 14 1.36 77 33 0.90 13 4.5 5.9 0.11 
Comparative 
Upper crust - 20 3.0 17 1.6 50 5.5 0.2 25 2.2 2.0 0.127 
Lower crust - 11 1.0 18 1.6 50 1.5 0.2 6 0.6 0.7 0.038 
*Hemerdon excluded due to alteration; a – Megiliggar; b – Meldon; c – Neopardy; d – Rhyolite clast. Average crustal abundances from Taylor and 
McLennan (1985)..
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Figure 7.5.  Critical metals plots with SiO2 as the 
abscissa.  (a) SiO2 vs. LogLi. Circled samples 
affected by mineralising fluids.  (b) SiO2 vs. Be.   
(c) SiO2 vs. Ge. (d) SiO2 vs. Ga.  (e) SiO2 vs. Nb. 
(f) SiO2 vs. Ta. (g) SiO2 vs. In.  (h) SiO2 vs. Sn. (i) 
SiO2 vs. Sb.  (j) SiO2 vs. W. (k) SiO2 vs. Bi.  The 
circled sample in (h), (i) and (j) is the Hemerdon 
Granite which has been affected by mineralising 
fluids. Dominant trends indicated for the different 
granite suites. Bt-Msc – biotite-muscovite granite 
suite;  Bt-Tur – biotite-tourmaline granite suite; Tz 
- topaz granites. Trend for Li is approximate due 
to log scale. 
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In order to validate the regional whole-rock critical metal trends, samples from 
localised in situ fractionating sequences from the study of Müller et al. (2006a) 
were utilised.  It was determined by the Müller study, and validated in this study, 
that at Porth Ledden, Land’s End Granite, a series of magma batches define a 
succession from fine-grained biotite granite, through medium- to coarse-grained 
porphyritic biotite granite to an equigranular Li-mica tourmaline granite.  This 
sequence represents the biotite-cordierite to tourmaline granite fractionating 
series.  Within this sequence, the critical metals reflect the behaviour displayed 
across the region.  Niobium, Ta, In, Sn and W all increase in abundance from 
the fine-grained biotite granite to the tourmaline granite where Ge and Be 
decrease.  Lithium increases through the first two biotite granites but then 
decreases, contrary to trends shown across the region.  Gallium shows a 
broadly flat abundance across all granite types.  Mineral chemistry (Chapter 
Six) indicates that Ga is distributed fairly evenly between multiple minerals 
(feldspars, micas, tourmaline) and is therefore not behaving as incompatibly as 
other elements such as In or W. (Figure 7.6).   
Figure 7.6.  Variation in critical metal abundance in a fractionating sequence from Porth 
Ledden.  Schematic Porth Ledden log from Müller et al. (2006a). 
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7.3.3. Rare earth element geochemistry 
All of the biotite granite varieties show similar LREE enriched patterns with 
negative Eu anomalies with the younger coarse-grained porphyritic granites 
showing a stronger anomaly (0.31 ± 0.10 σ) than older coarse-grained small 
phenocryst biotite granites (0.38 ± 0.07 σ).  Muscovite granites show stronger 
Eu anomalies (0.33 ± 0.10 σ) and have lower ∑REE than older biotite granites.  
The tourmaline granites show similar patterns to the biotite granites but have 
lower ∑REE and much stronger negative Eu anomalies (0.17 ± 0.05 σ – 0.25 ± 
0.07 σ).  Topaz granites have lower ∑REE abundances than the biotite, 
muscovite and tourmaline granites and have horizontal profiles with HREE 
enrichments when chondrite normalised and strong Eu anomalies (0.20 ± 0.05).  
Aplite samples show very low ∑REE and broadly horizontal profiles; aplite data 
are limited (Figure 7.7).  Despite analytical difficulties with complete recovery 
(Chapter Four), REE patterns and Eu anomaly values are consistent with 
previous studies which analysed REE using acid digestion (e.g. Müller et al., 
2006a) and instrument neutron activation analysis (INAA) (e.g. Chappell and 
Hine, 2006). 
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Figure 7.7.  REE profiles for granitic 
rocks.  Solid lines indicate mean values 
with shaded areas the range of values 
obtained..  (a) CGGP (n=28).  (b) 
CGGSP (n=22).  (c) MGG (n=12).  (d) 
FGG (n=6).  (e) Msc (n=10).  (f) LiM 
(n=5).  (g) GQ (n=10).  (h) EQ (n=3).  (i) 
Rhyolite.  (j) Tz (n=6).  
(k) Aplite 
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7.3.4. Principal Component Analysis  
Principal Component Analysis (PCA) was performed using IBM® SPSS© 
Statistics v. 21.  This software was used as there are dedicated functions for 
data reduction (PCA) that are not available in Microsoft Excel.  PCA was 
performed to confirm relationships in the whole rock geochemical data and 
mineral chemical data and to check the behaviour of metals such as Ge and Bi 
that were not analysed in individual minerals (Chapter Six).  Correlation analysis 
can mask some of the key relationships due to the strong correlation between 
certain metals (McKillup and Darby Dyar, 2010).  For example, the femic metals 
(e.g. Fe, V, Ti, and Mg) always show such a strong correlation with each other 
that their correlation with the REE is masked during Pearson Product Moment 
correlation and the closure effect discussed in section 7.3.1. also has to be 
considered.   
The different granite types were all treated differently during PCA.  This was to 
avoid over generalising the data and to identify potential different behaviour of 
the metals in the different granite types.  For all granites, PCA initially revealed 
nine components that had eigenvalues of greater than one but inspection of the 
screeplot and the rotated component matrix indicated that the data would be 
better represented by extraction of fewer components.  The aim with PCA was 
to ensure the most of the variance for each metal could be represented by one 
component (component loading). 
Pearson correlation coefficient analysis was initially conducted on the data to 
find any metals that showed very strong correlations with each other (r ≥ 0.9) or 
showed very weak correlation (i.e. all r values were ≤ 0.3).  If many variables 
show a strong correlation with each other this once again risks other 
correlations being masked.  Due to this, in this analysis, Fe2O3 represents Fe, 
Mg, Ti and V, La represents the LREE and Dy the HREE.  In all PCA, a Varimax 
rotation was used with the methods of Field (2009) utilised for running analysis 
and data interpretation. 
For biotite granites, extraction of five components with eigenvalues of greater 
than two still resulted in multiple variables (metals) loading on single 
components but ensured that each component had a minimum of three 
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variables loading on it.  The five component solution explains 73% of the total 
variance (Table 7.2; Figure 7.8). 
Table 7.2.  Summary of PCA for biotite granites.  Five components were extracted and each 
has been given a name.  The % of variance and metal associations are shown.  All correlations 
where r ≤ 0.4 are deemed insignificant and not included within the final results. 
Component % of variance Metals loading on component 
Biotite granites from biotite-tourmaline granite suite 
1- Compatible 42.4 Sr, Ge, Ba, Zr, In, Be, REE. 
2- Sulphide / rutile 15.1 Fe, Nb, Ta, As, Zn, (Ga) 
3- Incompatible 13.3 P, Li, W, Sn, Rb 
4- Feldspar 11.6 K, Pb; (Ga), Ca (negative) 
Biotite granites from biotite-muscovite granite suite 
1 – Compatible (femic) 29.4 Fe (Mg, Ti), Ga, Ge, LREE. 
2 – Incompatible 16.1 Rb, Li, Be, In, Sn, Ta, W. 
3 – Feldspar 14.2 Ca, Na; K (strongly negative). 
4 – Sulphide 9.3 Cu, Zn, As, Tl, Bi. 
5 – Compatible (zircon) 7.0 Th, Zr 
 
Figure 7.8.  Component plots achieved with Principal Component Analysis for (a) Biotite 
granites from the biotite-tourmaline granite series and (b) Biotite granites from the biotite-
muscovite granite series.  Yellow outline – component 1; Red outline – component 2; white 
outline – component 3. 
(a) (b) 
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Mineral chemistry and SEM analysis confirm many of these relationships.  The 
lithophile component elements in both granite trends tend to be enriched within 
muscovite micas; the presence of P within this component perhaps represents a 
fluid association.  The HREE association with Zr is expected with zircon and the 
Nb, Ti, Fe component expected due to rutile.  A sulphide component is clearly 
discernible in the biotite-muscovite suite but appears mixed in with an 
assemblage expected of rutile for the biotite-tourmaline suite.  Indium aligning 
with the femic component for the biotite-tourmaline suite represents In 
partitioning into Ti- and Fe-rich micas. 
For tourmaline granites, extraction of four components was the best 
representation of the data.  The four component solution explains 81% of the 
total variance.  Due to lack of major element data (n=16), major elements were 
not analysed (Table 7.3, Figure 7.9). 
Table 7.3.  Summary of PCA for tourmaline granites.  Four components were extracted and 
each has been given a name.  The % of variance and metal associations are also shown. All 
correlations where r ≤ 0.4 are deemed insignificant and not included within the final results. 
Component name % of variance Metals loading on component 
1 – Incompatible 27.8 Li, Ga, W, Tl, Bi 
2 – Compatible 25.1 Be, Zn, Ge, REE 
3 – Compatible (femic) 15.4 Nb, Sn, Ta 
4 - Compatible (sulphide) 12.4 As, In, Bi, (Minor Sn). 
 
A definite change in the behaviour of certain metals is observed when 
comparing biotite and tourmaline granite results.  Indium now resides in the 
sulphide component, not the lithophile component, with Sn in the rutile 
component.  This is supported by previous studies indicating Sn-rich rutile 
within the tourmaline granites of the St. Austell area (Scott et al., 1998), as 
discussed in Chapter Six.  Indium may not be associated with rutile but within 
accessory sulphides.  Gallium also changes from a feldspar component in the 
biotite granites to a lithophile component in the tourmaline granites.  Beryllium 
shows converse behaviour switching from a lithophile to a femic component; 
this is supported by whole rock trends where Be decreases in abundance from 
the biotite to tourmaline granites.   
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Figure 7.9.  Component plot achieved with Principal Component Analysis for tourmaline 
granites from the biotite-tourmaline granite suite.  Yellow outline – component 1; Red outline – 
component 2; white outline – component 3. 
PCA was attempted on topaz granite (n=6) and muscovite granites (n=7) 
samples and deemed not appropriate due to small sample sets. 
7.3.5. Effects of alteration 
Five samples in this study were deliberated taken from areas of alteration to 
examine possible effects relative to fresh granites.  This was also partly a 
quality control exercise, to enable easy recognition of alteration effects in 
samples believed to be free from hydrothermal alteration.  The various 
alteration styles are summarised in Table 7.4. 
Potassic alteration shows loss of Li and Sr, consistent with other studies 
(Alderton et al., 1980), with gain of In, Bi, Sn, W and to some extent Ga (Figure 
7.10a).  The sample showing only sericitisation shows similar patterns to the 
potassic alteration with loss of components typically found in plagioclase (Ba, 
Sr) with gain of Sn and Bi along with Ta, U and Nb (Figure 7.10b).  The 
kaolinised sample shows gain in Nb and Cu but particularly Sn (Figure 7.10c) 
whereas the tourmalinised sample shows modest gain in Sn, In, W and Nb with 
a more notable gain in Li.  The tourmalinised sample shows the lowest percent 
gain any of the critical metals (Figure 7.10d).  Samples with chlorite 
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replacement of micas and feldspars show gain of most of the critical metals with 
the exception of Ta, Be and Ge (Figure 7.10e).  None of the fresh samples in 
this study showed the extreme metal variations shown in the altered samples, 
although there is some scatter towards altered values for In and Bi, both of 
which have low abundances.   
Table 7.4.  Alteration styles of granite samples in this study. 
Sample Fresh 
analogue 
Alteration style 
CN16 (CGGSP, Carnmenellis) CN14-15 Potassic – Distinct pink colour, growth of 
orthoclase in place of biotite and plagioclase. 
AU01 (CGGP, St Austell) AU02 Sericitisation - Total replacement of 
feldspars and trioctahedral micas by white 
micas. 
TR01 (Tz, Tregonning) TR02 Minor kaolinisation - Extensive white mica 
replacement of feldspars and mica. 
AU05 (EQ, St. Austell) AU07 Tourmalinisation – replacement of the major 
mineral assemblage with tourmaline and 
quartz. 
SA01 (CGGSP, St. Agnes) CN14-15 Sericitisation and chloritisation - 
Replacement of alkali feldspar phenocrysts 
by white mica and sulphide minerals (ccp, 
py, apy), chlorite replacement of 
trioctahedral micas, general fining of the 
grainsize. 
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(b) Sericitisation 
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Figure 7.10.  Percent variation in selected metals for different styles of alteration.  (a) Potassic alteration of coarse-grained biotite granite from Holman’s 
Test Mine (Carnmenellis Granite).  (b) Sericitisation of coarse-grained porphyritic biotite granite (St. Austell Granite).  (c) Kaolinisation of topaz granite 
(Tregonning Granite).  (d) Tourmalinisation of equigranular tourmaline granite (St. Austell Granite).  (e) Chloritisation and seritisation of coarse-grained 
small phenocryst granite (St. Agnes Granite). 
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7.3.6. Discussion of granite geochemistry 
With the biotite, tourmaline and muscovite granites a “femic” component 
consisting of Th, Zr, Ba, Sr, Ti, Mg and Fe along with the REE shows good 
correlations with each other and negative correlations with Rb, Cs and critical 
metals such as W and Sn.  The strong trends for these elements and limited 
scattering imply that their distribution is dominantly due to magmatic rather than 
hydrothermal processes (Tartèse and Boulvais, 2010).  From the petrographic 
study it is known that biotite, a major host of Fe, contains inclusions of minerals 
such as monazite and zircon that host the REE, Th and Zr.  These minerals are 
more common as occurrences in biotite, than within the groundmass.  This 
observation, with the geochemical trends, shows that biotite and the accessory 
minerals must share a common magmatic evolution.  For example, if biotite 
fractionates in the system, the accessory minerals must do as well.  Depletion in 
Fe, Mg, Ti and the REE with increasing SiO2 supports crystallisation of biotite 
and accessory minerals such as monazite (Miller and Mittlefehldt, 1984). 
A similar conclusion can be drawn for the feldspars.  Decreasing K2O , CaO and 
Sr and increasing Na2O with increasing SiO2 implies crystallisation of minerals 
along the cotectic line in the Qz-Ab-Or-An system (Miller and Mittlefehldt, 1984).  
Barium and Sr show strong correlations, both in whole rock geochemical data, 
and within mineral chemistry, with Eu implying once again that any processes 
affecting Ba and Sr should also affect Eu.  Plotting Sr against the Eu anomaly 
(Figure 7.11) gives a near perfect correlation indicating plagioclase 
fractionation, a conclusion also drawn from mineral chemistry data where Sr 
and Eu correlate strongly in the feldspars.  A decrease in CaO and K2O in the 
most evolved muscovite and tourmaline granites is consistent with fractionation 
of the feldspars although the scatter in the CaO plot is noted. 
Trends for P2O5, such as a negative correlation with CaO (the Pedrobernardo-
type trend) and a positive correlation with Rb and Al2O3, are typical of 
peraluminous granites (Bea et al., 1992; Pichavant et al., 1992; Wolf and 
London, 1994).  The Pedrobernardo trend is particularly important, when the 
CaO content is low, such as in the most evolved granites in this study, Ca rather 
than P becomes an essential component of apatite, concentrating P within 
residual fluids (Bea et al., 1992).  There is a strong correlation between P and 
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the critical metals Li, Nb, In, Sn, Ta and W (Figure 7.12).  Beryllium increases 
with P in the biotite-muscovite suite, but not the biotite-tourmaline granites.  
Germanium has a negative correlation with P.   
 
Figure 7.11. Plot of Sr vs. Eu/Eu*N for all granite types. 
Figure 7.12.  Selected correlations between P2O5 and critical metals.  (a) Positive and negative 
trends for Be.  (b) Differing positive trends for Sn. 
Tourmaline granites fall along the trend lines displayed by the younger coarse-
grained porphyritic biotite granites and appear to be a product of fractionation of 
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these biotite granites.  Likewise, the muscovite granites fall along trends defined 
by the older coarse-grained small phenocryst biotite granites, with the exception 
of the Hingston Down Granite.  This is consistent with the findings of previous 
studies (e.g. Manning and Hill, 1990; Stone, 1992) although previous studies 
(e.g. Exley and Stone, 1964) have grouped muscovite (“lithionite”) granites with 
tourmaline varieties.  Whole rock geochemistry also supports the progressive 
changes in mica, tourmaline and to some extent plagioclase composition.  For 
example, whole rock geochemical trends, such as decreasing MgO with SiO2, 
mirrored by the same trend in trioctahedral micas and tourmaline (Chapter Six). 
The decrease in ∑REE within the evolved tourmaline, muscovite and topaz 
granites is expected due to the partitioning of REE into accessory minerals such 
as zircon, uraninite and Th-rich monazite (e.g. Jefferies, 1985; Ward et al., 
1992).  These minerals are more abundant in the coarse-grained biotite 
granites, as discussed in Chapter Five, and this mineralogical control on REE 
distribution is reflected in the higher REE abundances within these granites. 
The high LREE/HREE ratio of all of the biotite granite samples is typical of 
granitic rocks.  A negative Eu anomaly is also typical of granitic rocks and is 
usually attributed to the fractionation of feldspars, particularly plagioclase, which 
incorporates Eu2+ into its crystal structure.  However, the Eu anomaly cannot be 
explained by plagioclase fractionation alone.  Although Eu is compatible within 
the plagioclase lattice, incorporation of Eu2+ into the plagioclase lattice is a 
function of the alkali content of the magma as Eu2+ substitutes for Ca2+ 
(Schnetzler and Philpotts, 1970).  As the anorthite content of plagioclase in 
Cornish granites is typically quite low, at around An14 (Chappell and Hine, 
2006), some of the Eu anomaly must be controlled by other minerals 
The difference between the older and younger biotite granites has been 
discussed in previous studies with changes in Eu anomalies and steeper REE 
profiles in the older granites was attributed to “less extreme fractional 
crystallisation” and “smaller degrees of partial melting” (Darbyshire and 
Shepherd, 1985; Chappell and Hine, 2006).  An additional factor that may 
control variation in REE plots is the presence of accessory minerals.  As 
discussed in Chapter Six, inclusions within biotite include Th-rich monazite, 
apatite, xenotime and zircon all of which can host REE, with xenotime hosting 
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HREE (Jefferies, 1985; Charoy, 1986; Ward et al., 1992).  All of these 
accessory minerals are early-forming (Chapter Five) thus depleting the melt in 
REE (see also Charoy, 1986).  Zr saturation levels of around 100 ppm for 
peraluminous melts indicate that Zr would also be preferentially partitioned into 
early-forming zircon, again depleting the melt in Zr (Watson and Harrison, 
1983). 
Modification of REE patterns with fractionation is expected if biotite is involved 
in fractionation processes.  The HREE do not broadly change in abundance 
from biotite to tourmaline or muscovite granites.  Heavy REE are not so 
commonly concentrated in the accessory minerals, with QEMSCAN® analysis 
showing the xenotime is not as abundant as other REE-bearing accessory 
minerals such as monazite.  This could results in a relative “enrichment” of the 
HREE (Miller and Mittlefehldt, 1984). 
The topaz granites do not appear to be derived from fractionation of biotite 
granite as they do not fall along the trend lines observed for the biotite granites.  
Topaz granites show enrichment relative to the biotite, muscovite and 
tourmaline granites in Li, Ga, Nb, Ta, Sn and W along with trace elements such 
as Rb and Cs with depletions in Th, Zr and Ba.  These geochemical 
characteristics are similar to the rare metal granite described at Beauvoir, 
Massif Central, France (Marignac and Cuney, 1999; Cuney and Barbey, 2014).  
This granite is also not believed to be derived from fractionation of spatially 
associated peraluminous two-mica granites.  The decrease of many of the 
critical metals with SiO2 (Li, Ga, Nb, Ta, In) is believed to be a function of the 
high F abundance in the topaz granites (>1% in Manning and Hill, 1990; Stone, 
1992); with high F, the minimum in the Q-Ab-Or system moves away from 
quartz towards alkali feldspar (Manning, 1981b). 
Inclusion of HREE within accessory minerals is a likely explanation for the 
horizontal HREE-enriched profiles of the topaz granites.  Apatite is a dominant 
accessory mineral within the topaz granites, not only occurring as an inclusion 
within micas but is also found disseminated throughout samples.  Apatite is 
known to host HREE (Nagasawa, 1970) and as a dominant accessory mineral 
(Chapter Five, Figure 5.9) is likely to control some of the REE distribution within 
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the topaz granites.  The effect of accessory minerals on petrogenetic modelling 
has been noted by previous authors (Jefferies, 1985; Charoy, 1986). 
Nb, Ta, Sn, In and W show increases with granite fractionation, as expected 
due to their incompatible natures, described in Chapter Three.  Indium, not 
typically described as a lithophile element, shows similar behaviour to other 
lithophile metals such as W, Nb and Ta, although there does appear to be some 
hydrothermal overprint.  Slight variations in the trends shown for In could be due 
to the varying presence of F in the different granite suites, which appears to 
have affected the behaviour of W and Sn (see below).  Further investigation 
would be required to clarify this.  Germanium shows unexpected behaviour, 
decreasing with fractionation in all granite types, contrasting to Ge increasing 
with granite fractionation in peraluminous granites in Germany (Breiter et al., 
2013a).  Antimony is not controlled by any granite differentiation processes and 
Sb mineralisation in the region is therefore not thought to be granite-related, 
consistent with the common occurrences of Sb mineralisation around the world 
(Chapter Three). 
Although Sn and W both increase with fractionation, they show differing trends 
despite an association in the mineralisation in the region.  Although F wasn’t 
analysed as part of this study, the differing behaviour of these elements could 
be due to F abundance.  Using previous data, there is a moderate increase in F 
in the biotite-muscovite series from approximately 0.2% F (Charoy, 1986; 
Chappell and Hine, 2006) in coarse-grained small phenocryst biotite granites of 
the Carnmenellis pluton to approximately 0.4% F in the smaller granite stocks 
such as Cligga and St. Michael’s Mount (Hall, 1971; Moore, 1977).  For the 
biotite-tourmaline series, F increases from approximately 0.2% in the biotite 
granites to approximately 0.7% F in the tourmaline granites of the St. Austell 
Granite (Hill and Manning, 1987; Manning and Hill, 1990).  In the presence of 
high F, W has been shown to partition in favour of a melt, rather than an 
aqueous fluid (Manning and Henderson, 1984).  Differing trends for Sn and W 
may also be a function of the fO2 of the melt (e.g. Huang and Jiang, 2014) but 
given the occurrence of ilmenite, not titanite, across the batholith, variations in 
fO2 are thought to be minimal. 
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The differing behaviour of Nb and Ta in the biotite-muscovite and biotite-
tourmaline granite suites is reflected in mineral chemistry (Chapter Six) with Nb 
incorporated into major silicate minerals in the former series but accessory 
minerals in the latter.  Tantalum still partitions into siderophyllite micas in both 
granite series.  The marked deflection on the SiO2 vs. Nb plot within the biotite-
tourmaline series but not the SiO2 vs. Ta plot is further evidence for differing 
behaviour.  The trends represent partitioning of Nb and Ta into rutile and 
ilmenite or columbite-tantalite minerals.  The high abundance of Li and P in the 
tourmaline and muscovite granites promotes solubility of these minerals (Linnen 
and Keppler, 1997; Linnen, 1998).  The decrease in Nb in the biotite and 
muscovite granites followed by an increase in tourmaline granites implies that 
rutile may be fractionated in the system, removing Nb before the melt becomes 
saturated in respect to Nb (Dostal and Chatterjee, 1995).  Fluid fractionation is 
not thought to be a major process as the tourmaline and muscovite granites still 
plot tight trends on major and trace element plots, although there is some 
scatter shown by globular quartz tourmaline granites.  Tantalum shows a similar 
trend but also increases in muscovite granites.  Melt inclusion studies would be 
required to verify if the melt was saturated in Nb and Ta although there is 
evidence from Germany for peraluminous melts saturated in Nb and Ta despite 
lower whole-rock abundances of Nb and Ta (Webster et al., 1997). 
Be also displays differing behaviour in the biotite-tourmaline and biotite-
muscovite suites, which is further evidence for the presence of two differing 
conditions of melting and granite evolution.  The bulk of any Be will be retained 
in restite where cordierite is produced through incongruent melting reactions.  
Where cordierite is not produced, Be will partition into any melt that forms and 
increase with granite fractionation, most likely residing in white micas on 
crystallisation unless calcic plagioclase is present (Evensen and London, 2002; 
2003).  The form and mineral chemistry of cordierite indicate that the cordierite 
is magmatic (Chapters Five, Six) and would be expected to be a major host of 
Be within the coarse-grained porphyritic biotite granites, removing Be from the 
melt.  The presence of cordierite in melting reactions shows higher temperature 
melting reactions have taken place (Spear et al., 1999). 
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Two fractionating granite suites and a distinct pulse of magmatism forming the 
topaz granites are supported by radiometric dating.  The oldest coarse-grained 
small phenocryst biotite granite is Carn Brea (287.0 ± 1.8 Ma) with the youngest 
coarse-grained porphyritic biotite granite in St Austell 6 Ma younger (281.8 ± 0.8 
Ma) (Chen et al., 1993).  Tungsten-rich muscovite granites such as Hemerdon 
(298.3 ± 4.6Ma) and Kit Hill (290.0 ± 7.0 Ma) represent some of the oldest 
plutons, although these dates would benefit from better precision (Darbyshire 
and Shepherd, 1987).  Tourmaline granites have not been accurately dated but 
the globular quartz tourmaline granite of Castle-an-Dinas is thought to have an 
age of 270 ± 2 Ma, considerably younger than the muscovite granites.  The 
greisen described from the Goonbarrow pit resides within a biotite-muscovite 
granite, not a tourmaline granite typical of the St. Austell Pluton, and greisen 
mineralisation there is dated at 276.8 ± 1.2 Ma (Exley, 1958; Bray and Spooner, 
1983).  Dates for the Tregonning Granite have a large error but an Ar-Ar ferroan 
polylithionite date of 281.0 ± 1.3 Ma has been obtained (Darbyshire and 
Shepherd, 1987). 
Multiple granite suites in single terrains are reported from elsewhere in the 
world including China (Huang and Jiang, 2014), Nigeria (Goodenough et al., 
2014) and Spain (Merino Martínez et al., 2014).  The presence of two 
fractionating granite sequences is reported from Portugal (Holtz, 1989; Neiva et 
al., 2011) where, like in this study, there are subtle differences in the trends for 
major and trace element plots.  Slight variations in the trend of gradients on 
major and trace element plots have been used to define two different granite 
suites, each with their own fractional crystallisation models for Sn enrichment.  
7.4. Basalt and lamprophyre geochemistry 
Both the intrusive and extrusive minettes along with the basalts show a strong 
enrichment in light ion lithophile elements (LILE) (Ba, Th, K, La-Sm) with 
relative depletions in high field strength elements (HFSE) (Ta, Na) compared to 
primitive mantle values (Figure 7.13).  The lamprophyres show higher 
abundances of the LILE relative to the basalt analysis.  Both the basalt and 
lamprophyres show a Sr anomaly, which could reflect magmatic processes 
involving plagioclase (Figure 7.10).  Rare earth element patterns for the 
lamprophyres are LREE enriched with La/LuN (La divided by Lu, chondrite 
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normalised) values of ~55 for Mawnan and Killerton, 172 for Pendennis and ~19 
for the lamproitic lava at Knowle Hill.  REE patterns for the basalts are flatter 
than the lamprophyres but still show slight LREE enrichments with La/LuN 
values of 7.1-7.9.  Data for basalts and lamprophyres in this study are 
consistent with previous studies (Thorpe et al., 1986; Leat et al., 1987; Thorpe, 
1987). 
Figure 7.13.  Primitive mantle normalised multi-element plot for lamprophyres and the Posbury 
basalt. 
The critical metals are enriched in the lamprophyres and basalts relative to 
primitive mantle values (Table 7.5; Figure 7.14).  There is no selective 
enrichment of critical metals within lamprophyres over basalts or vice-versa, 
with Ga, Ge, In and Sn showing relative depletions next to Li, Be, Sb, Nb, Ta, W 
and Bi. 
The occurrence of lamprophyres in districts containing Sn-W mineralisation is 
reported from elsewhere in the Variscides (Breiter et al., 1999; Kováříková et 
al., 2007; Seifert, 2008)  and Asia (Zhang et al., 2006).  Lamprophyres in these 
districts are often synchronous or just pre-granite emplacement.  Previous 
authors have theorised that the lamprophyres are the “providers” of the metals 
found within the granites and the mineralisation (Seifert, 2008).  However, other 
authors believe that the lamprophyres are unrelated to the granites but reflect 
mantle processes during the period of granite emplacement (Štemprok and 
Seifert, 2010).  The lamprophyres in this study show LILE enrichment, along 
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with enrichment of metals such as Li, P, Rb and Cs, reflecting a metasomatised 
mantle source with additional crustal contamination common with lamprophyres 
in the Erzgebirge, Germany (Chapter Eight) (Tischendorf et al., 1992 in Breiter 
et al., 1999).  
Table 7.5.  Average values of critical metals in lamprophyres and basalts compared to the 
primitive mantle values of Taylor and McLennan (1985). All in ppm, except In in ppb. 
 Primitive mantle 
Lamprophyres 
(n=8) 
Basalts (n=3) 
Li 0.83 97 ± 56 48 ± 21 
Be 0.060 5.3 ± 2.4 1.9 ± 0.9 
Ga 3.0 16.8 ± 1.2 17 (n=1, XRF) 
Ge 1.2 9.5 ± 4.3 3.2 ± 0.1 
In 18 55 ± 14 61 ± 17 
Sn 0.6 3.3 ± 2.4 3.7 ± 2.0 
Sb 0.025 1.60 ± 1.79 0.21 ± 0.09 
Nb 0.56 24 ± 6 18.6 ± 2.7 
Ta 0.040 3.3 ± 2.0 2.3 ± 1.1 
W 0.016 3.4 ± 2.1 2.0 ± 1.2 
Bi 0.010 0.25 ± 0.21 0.25 ± 0.21 
 
Figure 7.14.  Primitive mantle normalised plot for critical metals in basalts and lamprophyres. 
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7.5. Enclave geochemistry  
The geochemistry of the enclaves is discussed further in Chapter Eight and as 
stand-alone analyses are out of context.  However, REE patterns are similar to 
the granites, with LREE enrichments (La/LuN 13,21) and Eu anomalies (Eu/Eu*N 
0.41,0.19).  Critical metal abundances are similar to abundances within the 
granites (Table 7.6). 
Table 7.6.  Critical metal abundances in enclave samples.  Gallium abundances from Stimac et 
al. (1995). All in ppm, except In in ppb. 
 222 J1B 227 J1 
Li 249 394 
Be 5.5 2.9 
Ga <30 40 
Ge 5.9 5.6 
In 88 33 
Sn 16.4 9.3 
Sb 0.40 0.14 
Nb 14.2 23.8 
Ta 1.7 2.0 
W 3.0 1.3 
Bi 2.4 0.1 
 
7.6. Using geochemistry to constrain source characteristics 
In 1999, Patiño-Douce compiled available experimental data on peraluminous 
granites to determine the extent of a mantle contribution.  As part of this study, 
charts were produced constraining the geochemical parameters of different 
source types (greywacke, mafic pelite, felsic pelite) along with contributions of 
up to 10% of tholeiitic material.  When the Cornubian biotite granites are plotted 
on these charts, they plot within the greywacke field (Figure 7.15) with some 
suggestion for mixing with a tholeiitic source for the younger coarse-grained 
porphyritic granites (Figure 7.15a-b).  A greywacke source is consistent with the 
studies of Chappell and Hine (2006) and Stone and Exley (1989).  The topaz 
granites plot within the felsic pelite field, once again highlighting their different 
petrogenesis.  These source constraints are utilised in the modelling in Chapter 
Eight. 
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Figure 7.15.  Compositions of biotite and topaz 
granites compared to compositional ranges of 
experimental metasediment derived melts.  The 
dashed lines represent the melt compositions 
produced by hybridisation of metagreywacke and 
high-Al olivine tholeiite at high and low pressure. 
Modified from Patiño-Douce (1999). 
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Taking into account sedimentary source for the granites, four samples of the 
Gramscatho Basin metasediments from the study of Darbyshire and Shepherd 
(1994) were analysed for their critical metal content.  Source rocks are not 
exposed in SW England and so these sedimentary rocks have been used as a 
bulk compositional analogue for a lower crustal granite source.  Although these 
sediments are derived from the upper plate during the final stages of Variscan 
convergence, their peri-Gondwana Mid-Proterozoic basement source is likely to 
be similar to the SW England granites.  Both the sediments and the granites 
have similar TDM model ages (Shail and Leveridge, 2009).  The critical metal 
abundances are utilised in the modelling in Chapter Eight (Table 7.7).  The 
Gramscatho metasedimentary rocks only show enrichment in Li and Bi relative 
to the average continental crust implying that the granite source may not have 
needed to be particularly enriched in critical metals. 
Table 7.7.  Abundances of critical metals in metasediments of the Gramscatho Formation.  
Tungsten not shown as the original study used a tungsten carbide barrel for grinding.  All in ppm 
apart from In, shown in ppb.  Average continental crust values of Taylor and McLennan (1985). 
 GG6 GG15 GG28 GG44 Average continental crust 
Li 38 40 37 43 13 
Be 1.1 1.0 1.4 1.2 1.5 
Ga 14 15 17 16 18 
Ge 2.8 2.5 2.1 2.3 1.6 
In 55 29 33 37 50 
Sn 2.7 2.1 2.2 2.5 2.5 
Sb 0.66 0.50 0.75 0.59 0.20 
Nb 11 10 9 7 11 
Ta 1.39 0.98 1.08 0.83 1.00 
Bi 0.14 0.17 0.18 0.14 0.06 
 
Use of the zircon thermometry equation (=TZr(°C)) from the Watson and 
Harrison (1983) study indicates that the older biotite granites formed at 
temperatures of 731-806°C with the younger biotite-cordierite granites forming 
at temperatures of greater than 768-847°C (Figure 7.16).  Along with 
mineralogical and geochemical differences this is further evidence that the 
younger coarse-grained porphyritic biotite granites of the Land’s End, Dartmoor 
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and St. Austell plutons are derived through different processes albeit from the 
same source as the older coarse-grained small phenocryst biotite granites. 
 
Figure 7.16.  Plot of radiometric dates vs. =TZr(°C).  Biotite granites shown with filled shapes, 
muscovite and tourmaline granites shown as unfilled shapes.  Radiometric dates taken from 
Chesley et al. (1993) and Chen et al. (1993). CAD = Castle-an-Dinas. 
Plotting the compositions of the least evolved major minerals against the major 
elements can give some estimates of a possible fractionating assemblage.  For 
the following plots, muscovite and tourmaline are excluded as they are late 
forming.  Magnesium siderophyllite and the most calcic plagioclase represent 
the least evolved mineral compositions for the biotite-muscovite suite with 
siderophyllite and calcic plagioclase for the biotite-tourmaline suite.  The 
geometric relations between geochemical trends and mineral chemistry have 
been used to estimate possible fractionating assemblages for the two granite 
suites (Figure 7.17), as applied in Tartèse and Boulvais (2010).  Using this 
method, it is estimated that a segregated assemblage for the younger biotite 
granites, an evolution to tourmaline granites could be accounted for by an 
assemblage consisting of 50% alkali feldspar, 25-30% biotite and 20-25% 
plagioclase (Figure 7.17a-b).  For the older biotite granites an assemblage 
could consist of 19-21% biotite, 25% alkali feldspar and 54-56% plagioclase 
(the remainder) (Figure 7.17c-d).
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Figure 7.17.  Harker plots for (a) and (b) Biotite-tourmaline granite series and (c) and (d)  Biotite-muscovite granite series.  Mineral compositions taken from 
Chapter Six.  The thick lines are regression lines defined by the granite trends to meet the mineral compositions.  The geometric relations between the 
geochemical trends and mineral compositions have been used to define a possible mineral segregation.  
2
2
8
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7.7. Implications for ore-forming processes 
The theory of Müller et al. (2006a) suggested that the tourmaline granites within 
the northern part of the Land’s End Granite are the immediate magmatic 
precursors to magmatic-hydrothermal mineralisation in the region is supported 
by this study.  In the Müller et al. (2006a) study, metals such as Sn were shown 
to increase with granite fractionation in the biotite-tourmaline granite series; this 
is supported here and shown not only for Sn but additional metals such as Li, 
Ga, Nb, Ta, In, W and Bi.  Another trend, represented by the biotite-muscovite 
suite of granites, shows increases in all critical metals apart from Ge and Sb 
with the muscovite granites appearing to be the magmatic precursors for 
greisen-style mineralisation in the region (Figure 7.15). 
High abundances of critical metals in the granites are not necessarily indicative 
of nearby mineralisation.  For example, the high abundance of Nb and Ta in the 
topaz and tourmaline granites is most likely due to crystallisation of accessory 
phases such as Nb-rutile and columbite-tantalite, as discussed in Chapter Six 
and section 7.3.  The resulting disseminated Nb- and Ta-mineralisation, is likely 
to be equivalent to that found at Beauvoir, France (Cuney et al., 1992).  As 
discussed at length in both Chapters Six and Seven, high Li, P and F 
abundances have promoted the retention of Nb and Ta in the melt and eventual 
crystallisation of Nb- and Ta-rich accessory phases within tourmaline and topaz 
granites which may have prevented these elements partitioning into fluids 
(Linnen, 1998).  The same may also be true of W and Sn within the topaz 
granites in the region; these rocks contain accessory wolframite and cassiterite. 
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Figure 7.15.  Distribution of W in the study area.  Circles = granite samples, squares = 
lamprophyres, basalts or metasediments.  Major faults shown.  Circled granite stocks are known 
greisen occurrences.  These granite stocks have radiometric dates that are older than coarse-
grained porphyritic biotite granites and tourmaline granites in the region.  The topaz granite, 
Megiliggar and Meldon aplites show high W values but are not related to greisens.  The Carn 
Marth Granite shows high W but is not associated with a greisen although there is recorded W 
mineralisation in the area (Dines, 1956). 
7.8. Conclusions 
Variations on major and trace element plots for the granites support the theory 
that there are two fractionating granite series in SW England and an additional 
group of topaz granites that appear to represent a separate magmatic event.  
The fractionating trends are represented by the older biotite granite to 
muscovite granite suite and the younger biotite granite to tourmaline granite 
suite.  In both of these suites, the granite evolution appears to be driven by 
fractionation of the feldspars and biotite plus accessory minerals such as 
monazite and zircon, in varying abundances.  The biotite-muscovite and biotite-
tourmaline granite suites appear to be derived from the same source, supported 
by comparison of experimentally derived melts and data from the granites 
(Figure 7.12).  The topaz granites have a different source.  Overall, the granites 
are derived from a metagreywacke source rather than a metapelite source.  
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Variations in whole rock major and trace elements are well supported by 
mineral chemistry, particularly variations in trioctahedral mica compositions. 
The critical metals are enriched in the Cornubian Batholith relative to average 
continental crust rocks.  In both fractionating granite series, Li, Ga, Nb, Ta, In, 
Sn, W and Bi increase in abundance, although trends vary for the different 
suites.  Germanium decreases with fractionation for both granite suites whereas 
Be increases in the biotite-muscovite series and decreases in the biotite-
tourmaline series due to cordierite being involved in melting reactions for the 
latter series.  Antimony shows no relationship with magmatic granite processes, 
but there is evidence for hydrothermal overprint in muscovite granites, with a 
marked increase in the critical metals in the hydrothermally altered Hemerdon 
Granite. 
Both the basalts and lamprophyres show strong enrichments in critical metals 
relative to the primitive mantle.  The source of the lamprophyres is thought to be 
a metasomatised mantle to account for the high abundance of LILE.  The 
metasediments show critical metal abundances typical of the average 
continental crust.   
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Chapter 8. Controls on critical metal distribution and 
granite formation 
8.1. Introduction 
The linear trends shown on the major and trace element plots could be due to 
one or more processes such as variable partial melting, restite unmixing or 
fractional crystallisation.  Minerals such as plagioclase, alkali feldspar and 
biotite can be involved in multiple processes such as partial melting and 
fractional crystallisation  In this study, Rb, Ba, Sr and the REE are used for 
modelling the processes; all of these elements partition into the micas and 
feldspars and, as such, are suitable for modelling (Rollinson, 1993).  As the 
REE are often controlled by accessory minerals, care must be taken in using 
them for modelling.  For the REE modelling, Pr, Ho and Tm were omitted due to 
insufficient partitioning data and Tb was omitted due to lack of this element in 
analyses for this study.  Muscovite is excluded from all models as it is either late 
stage or subsolidus and consumed in initial melting reactions (Chapters Three, 
Five).  Partition coefficients used throughout this chapter are taken from 
experimental studies of peraluminous melts (Table 8.1, 8.2) with the equations 
used for modelling discussed in chapter three.  
Table 8.1.  Partition coefficients for Rb, Ba and Sr in minerals used in modelling.  Modal 
abundances for metagreywackes and metapelites also shown. 
 Qtz Kfld Plag Bt Msc Grt Crd Sil 
Rb 0.012 1.75 0.09 1.84 1.51 0.009 0.08 0.00 
Sr 0.00* 13.98 6.80 0.38 0.52 0.015 0.12 0.00 
Ba 0.015 12.59 0.63 15.67 5.62 0.017 0.02 0.00 
Greywacke abundance 0.45 0.02 0.35 0.10 0.01 0.05 0 0.02 
Pelite abundance 0.30 0.03 0.10 0.35 0.15 0.02 0 0.05 
Reference (3) (2) (3) (1) (1) (5) (4) (6) 
 
(1) Icenhower and London (1995); (2) Icenhower and London (1996); (3) Nash and Crecraft 
(1985); (4) Bea et al. (1994); (5) Arth (1976) in Rollinson (1993); (6) Estimated partition 
coefficient. Modal abundance of greywacke and pelite from Nabelek and Bartlett (1999).  
Qtz – quartz; Kfld – alkali feldspar; Plag – plagioclase; Bt – biotite; Msc – muscovite;  
Grt – garnet; Crd – cordierite; Sil - aluminosilicates. 
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Table 8.2.  Partition coefficients for REE in minerals used in modelling. 
 Zrc Ap Ilm Mon Bt Plag Kfld Grt Qtz Crd 
La 16.90 14.50 1.31 298 0.06 0.38 0.07 0.38 0.02 0.06 
Ce 16.75 21.10 1.19 277 0.05 0.27 0.05 0.69 0.01 0.07 
Nd 13.30 32.80 0.96 290 0.08 0.20 0.04 0.60 0.02 0.09 
Sm 14.40 46.00 0.68 217 0.06 0.17 0.03 2.04 0.01 0.10 
Eu 16.00 25.50 0.40 114 0.05 5.42 2.60 0.52 0.06 0.01 
Gd 12.00 43.90  175 0.10 0.13  6.98  0.29 
Dy 101.50 34.80 0.37 83 0.17 0.11 0.05 28.60 0.02 0.99 
Er 135.00 22.70  44 0.22 0.08
(6)
 0.03
(6)
 25.00  3.03 
Yb 527.00 15.40 0.55 18 0.12 0.09 0.02 43.48 0.02 1.77 
Lu 641.50 13.80 0.74 13 0.20 0.09 0.03 39.78 0.01 4.43 
Ref (1) (5) (1) (2) (6) (3) (1) (4) (3) (6) 
 
(1) Mahood and Hildreth (1983); (2) Stepanov et al. (2012); (3) Nash and Crecraft (1985); (4) 
Irving and Frey (1978); (5) Fujimaki (1986) (6) Bea et al. (1994). Zrc – zircon; Ap – apatite; 
 Ilm – ilmenite; Mon – monazite. 
8.2. Partial melting  
8.2.1. Confirming source types 
Modelling was performed for Ba, Sr, Rb and REE for the biotite-muscovite, 
biotite-tourmaline and topaz granites using the modal mineral abundances for 
metagreywackes and metapelites of Nabelek and Bartlett (1999).  Average 
metagreywackes have a lower abundance of micas but a higher proportion of 
plagioclase compared to alkali feldspar relative to metapelites.  The 
compositions of the metagreywackes and metapelites of the Gramscatho Group 
are taken from Darbyshire and Shepherd (1994) and Scott et al. (2003).  Values 
are in good agreement with the greywacke compositions of an active 
continental margin in the widely-cited study of Bhatia and Crook (1986).  
Although it was determined in Chapter Seven that a metagreywacke is a likely 
source, metapelites were also modelled. 
The trace element models were confirmed with REE modelling, although care 
must be taken when modelling REE as the bulk of the REE is contained within 
accessory minerals such as monazite, apatite and zircon.  These phases are 
more accurately modelled using fractional melting, not batch melting, and even 
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slight variations in starting modal abundance will result in large changes of the 
REE content of any melt produced.  Ultimately, REE modelling confirms that a 
LREE enrichment, HREE depletion and Eu anomaly would be expected from 
melting of a greywacke source under the same conditions as modelled for the 
trace elements. 
Greywackes are the most likely source for the Cornubian granites.  Pelites 
contain higher modal abundances of micas and a lower modal abundance of 
plagioclase (Nabelek and Bartlett, 1999) resulting in large variations in the 
abundance of the Ba, Sr and Rb in the melt.  Barium in particular has a high 
biotite:melt partition coefficient and so increasing the modal abundance of 
biotite in the source by just 1% results in a decrease in Ba in the melt. 
8.2.2. Estimations of the conditions of anatexis 
The conditions of anatexis can only be estimated from the present mineral 
assemblage within the granites and the final emplacement conditions of granitic 
melts determined by studies of the metamorphic aureole (e.g. Pownall et al., 
2012).  There have been numerous experimental studies constraining the P-T 
conditions of melting reactions for pelites and greywackes (e.g. Huang and 
Wyllie, 1981; Patiño Douce and Johnston, 1991; Vielzeuf and Montel, 1994).  
The partial melting of greywackes (Chapter Three), comprises muscovite 
melting [8.1] is followed by biotite melting at higher temperatures on a clockwise 
P-T-t path [8.2-8.4](Figure 8.1): 
[8.1] Msc + Plag + Qtz = Als + M 
[8.2] Msc + Plag + Qtz = Als + Kfld + M 
[8.3] Bt + Plag + Qtz + Als = Grt + Crd + M  
[8.4] Bt + Grt + Plag + Qtz = Crd + Opx + Kfld + M 
As greywackes are typically muscovite deficient, the critical melt fraction (CMF 
– the amount of melt required for melt extraction), estimated to be >15% 
(Clemens and Vielzeuf, 1987), will not be reached as melting modal 
abundances of biotite <5% will not result in sufficient melt production.  However, 
muscovite melting can also result in minor melting of biotite, producing garnet in 
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the residue, increasing the CMF to a level at which melt can be extracted 
(Pickering and Johnston, 1998).  This would release elements, including Nb, Ta, 
Sn and In which can be hosted within biotite, to any melt that forms.  Muscovite 
melting can also produce biotite as a residual mineral from any ferromagnesian 
components present within the muscovite (Patiño-Douce and Harris, 1998). 
 
Figure 8.1.  Pressure-temperature diagram showing the location of selected muscovite and 
biotite dehydrations reactions in the NCKFMASH system for pelitic rocks modified after Spear et 
al. (1999).  These reactions are similar for greywackes (e.g. Vielzeuf and Montel, 1994).  
Muscovite dehydration melting reactions are shown by [8.1] and [8.2].  Any K-feldspar produced 
in reaction [8.1] will enter the melt at the eutectic composition.  Biotite dehydration melting 
reactions are shown by [8.3] and [8.4].  The liquidus is represented by [8.5].  The red lines 
represent the displacement of the aluminosilicate triple point on addition of B and F and the 
displacement of the liquidus by addition of 2% B and F (after Pichavant and Manning, 1984). 
Charoy (1986) estimated that the Carnmenellis Granite reached final 
crystallisation at 650°C at 2-2.5 kbar, although commented that the final 
pressure was probably lower.  A recent study determined that the Land’s End 
Granite was emplaced at 5-6 km depth (corresponding to 1.5 ± 1.0 kbar and 
615 ± 50°C) utilising detail of the mineral assemblage of metasedimentary rocks 
within the Land’s End aureole (Pownall et al., 2012). 
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The distinct occurrence of cordierite within the younger coarse-grained 
porphyritic biotite granites and a high modal abundance of muscovite within the 
older coarse-grained small phenocryst biotite granites helps to define distinct 
zones on petrogenetic grids (e.g. Huang and Wyllie, 1981; Clarke, 1995).  The 
presence of F and B within the granite melts also has to be considered as this 
would have shifted the minimum of the system towards lower temperatures 
where andalusite and white mica become stable (Pichavant and Manning, 
1984).  Taking these factors into account, the older biotite granites of the biotite-
muscovite series are tentatively estimated to form from anatexis dominated by 
the muscovite-melting field where some biotite melting would also have 
occurred to achieve the CMF (Pickering and Johnston, 1998) (Figure 8.2a).   
The younger biotite granites of the biotite-tourmaline series are estimated to 
have formed under conditions of anatexis at higher temperatures, but lower 
pressures, within the stability field for cordierite (Figure 8.2b).  These granites 
are estimated to have occurred dominantly from dehydration biotite melting.  
The increase in temperature and decrease in pressure is consistent with the 
tectonic model for the region.  By the emplacement of the younger biotite 
granites (~280 Ma) the region had been experiencing post-Variscan extension 
for ~20 Ma, with emplacement of lamprophyres having already occurred (Shail 
and Leveridge, 2009).  Post-Variscan extension with mantle melting would 
result in a decreased pressure but increased temperature within the lower crust.  
The increased temperature could also be partly due to residual heat from 
Variscan collision-related crustal thickening combined with mantle melts. 
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Figure 8.2. Pressure-temperature diagrams (details as Figure 8.1) showing estimated 
conditions of anatexis (yellow stars) for (a) Older biotite granites that form the biotite-muscovite 
fractionation series and (b) Younger biotite granites that form the biotite-tourmaline fractionation 
series.  The green circle represents the estimated conditions of anatexis of Charoy (1986) for 
the Carnmenellis Granite biotite granite (older, small phenocryst variant).  The red circle 
represents the conditions of emplacement of the Land’s End Granite (Pownall et al., 2012). 
8.2.3. Partial melting models 
Establishing a suitable protolith for partial melting models is difficult in SW 
England due to the lack of exposure of any high-grade metamorphic rocks.  As 
discussed in Chapter Seven, the host rock metasedimentary rocks used in this 
study as an analogue for the source were derived from the upper plate during 
Variscan convergence.  However, given the lack of other suitable alternatives, 
modelling of these rocks was carried out as an indicator of critical metal source. 
Partial melting was modelled using the batch melting equation of Shaw (1970): 
[8:5] CL / C0 = 1 / [D + F * (1 - D)] 
[8:6] CS / C0 = D / [D + F * (1 - D)] 
where: 
CL =Weight concentration of a trace element in the melt 
C0 =Weight concentration of a trace element in the source 
CS = Weight concentration of melt in the unmelted residue 
D =Bulk distribution coefficient 
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F = Weight fraction of melt produced 
Batch melting was modelled for Rb, Ba, Sr and the REE along with a mass 
balance verification using major element geochemistry (Appendix 5).  The 
compositions of samples GG6, GG15, GG28 and GG44, metasedimentary 
rocks of the Gramscatho Group, were used as the protolith compositions (Floyd 
and Leveridge, 1987).  The daughter samples were selected as samples B404 
and LE02, the least evolved samples within the biotite-muscovite and biotite-
tourmaline granite suites respectively.  Modelling attempted to match a melt 
composition of the metasedimentary source derived by the batch melting 
equation to the target least evolved granite. 
For the biotite-muscovite granites, both the REE and trace element model 
required 20% melt production leaving a residue comprising 47% quartz, 37% 
plagioclase, 11% biotite, 3% garnet, 1% aluminosilicates with the remainder 
comprised by zircon, apatite, monazite and ilmenite (Figure 8.3).  The original 
source comprised 45% quartz, 35% plagioclase, 10% biotite, 5% alkali feldspar, 
3% garnet, 1% muscovite and 1% aluminosilicates.  Trace element modelling is 
consistent with a greywacke source. 
 
Figure 8.3.  Batch melting models of a greywacke source to produce a biotite granite from the 
biotite-muscovite granite series.  (a) Sr vs. Ba model using the partition coefficients listed in 
Table 8.1.  (b) Chondrite normalised REE model using the partition coefficients listed in Table 
8.2. 
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The biotite-cordierite melting model could only be successfully produced with a 
slight variation in the starting assemblage for melting.  Removal of muscovite 
and alkali feldspar with an increase in the plagioclase (40%) composition and a 
slight decrease in the garnet (1%) abundance is sufficient to model melting.  
This is consistent with a greywacke source that has previously undergone melt 
extraction following muscovite melting (Nabelek and Bartlett, 1999).  Using 
these source parameters, 30% melt production generates a residue of 43% 
quartz, 41% plagioclase, 12% biotite, 1% garnet, 1% cordierite, 1% 
aluminosilicates plus minor zircon, apatite and ilmenite (Figure 8.4).  The 
decrease in the garnet abundance may not be entirely realistic as garnet will 
undergo changes in HREE zoning that occurs at temperatures of muscovite 
melting (Harris et al., 1995). 
 
Figure 8.4.  Batch melting models of a muscovite-depleted greywacke source to produce a 
biotite granite from the biotite-tourmaline granite series.  (a) Sr vs. Ba model using the partition 
coefficients listed in Table 8.1.  (b) Chondrite normalised REE model using the partition 
coefficients listed in Table 8.2. 
8.2.4. Implications for critical metal distribution 
The behaviour of the critical metals is difficult to ascertain for partial melting due 
to the lack of experimentally determined partition coefficients.  Knowledge of the 
distribution of the critical metals within granite minerals (Chapter Six) has been 
utilised.  The higher abundance of Nb and Ta within the biotite-tourmaline 
240 
 
granite series (Chapter 7, Table 7.1), could be attributed to biotite dehydration 
melting.  Biotite / melt partition coefficients for Nb and Ta range from 1.3-6.4 
(Mahood and Hildreth, 1983; Nash and Crecraft, 1985) implying that biotite 
melting will release Nb and Ta to the melt.  Increased biotite melting will 
therefore increase the abundance of Nb and Ta to the melt.  Biotite melting is 
also responsible for increased abundance of other components such as Mg, Ti, 
Fe and F as biotite is a major source for these components during melting 
processes (e.g. Pichavant and Manning, 1984). 
Using knowledge of the critical metal distribution within granite minerals, such 
as partitioning of W, In and Sn dominantly into muscovite, can provide 
information about potential behaviour of the critical metals during muscovite and 
biotite melting.  Beryllium, Sn and W both increase with fractionation in the 
biotite-muscovite and biotite-tourmaline granites but the metals all have their 
highest abundances within the muscovite granites where Sn and W are hosted 
within muscovite.  If these metals were also hosted within muscovite in the 
source, muscovite melting would enrich these metals in a melt, providing there 
is no or limited partitioning into residual phases.   
Using this idea, muscovite melting should release W, Sn, Be, In, Ga and, to 
some extent, Li to a melt.  Beryllium is hosted in muscovite or plagioclase in the 
absence of cordierite (Evensen and London, 2003).  Gallium may partition into 
alkali feldspar that forms during incongruent melting (reaction 8:2) and Sn, In 
and Li may partition into any biotite that forms.  For biotite melting, Li, Nb, Ta, 
In, Sn, Ga and to a minor extent W will be released (reaction 8:3).  Any Be that 
is released may partition into cordierite and Nb and Ta may partition into any 
residual Fe-Ti oxides (e.g. Linnen and Keppler, 1997).   
8.3. Fractional crystallisation 
Plots of the fractionation vectors for alkali feldspar, plagioclase, biotite and 
cordierite and granite compositions confirm that the feldspars are dominant in 
any fractionation processes, with minor contributions by biotite and, potentially, 
cordierite (Figure 8.5).  This confirms the findings of Figure 7.15 and is 
consistent with the observations of Stone (1992), Ward et al. (1992), Darbyshire 
and Shepherd (1994), Chappell and Hine (2006) and Müller et al. (2006a) that 
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feldspars and biotite, along with REE-bearing accessory minerals, often hosted 
within biotite, are controlling granite evolution.  Fractionation vectors and 
fractional crystallisation models have been calculated using the Rayleigh 
Fractionation equation: Rayleigh fractionation is represented by the equations: 
[8:7] CL / C0 = F
(D-1) 
[8:8] CR / C0 = DF
(D-1) 
where the parameters are the same as equations [8:5] and [8:6] but F is the 
fraction of melt remaining and CR is the weight concentration of a trace element 
in the residual solid.  Complete calculations are in Appendix Five. 
 
Figure 8.5.  Fractionation vectors for alkali feldspar (Kfs), plagioclase (Plag), biotite (Bt) and 
cordierite (Crd).  Arrows indicate 10% fractionation for the Sr vs. Ba plots and 20% fractionation 
for the Sr vs. Rb plots.  (a) Biotite-muscovite Sr vs. Ba.  (b) Biotite-muscovite Sr vs. Rb.   
(c) Biotite-tourmaline Sr vs. Ba.  (d) Biotite-muscovite Sr vs. Rb. 
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8.3.1. Evolution of granite compositions 
Fractional crystallisation between the most and least evolved granites from 
each suite has been modelled using the Rayleigh Fractionation equations 
discussed in chapter three.  The possible fractionating assemblages identified in 
Chapter Seven (Figure 7.15) were initially tested during fractional crystallisation 
models for both the biotite-muscovite and biotite-tourmaline granite suites.  Both 
major and trace elements have been modelled. 
The evolution of composition within the biotite-muscovite can be successfully 
modelled with fractionation of an assemblage consisting of 50% alkali feldspar, 
20% plagioclase (An20), 18% biotite (magnesium siderophyllite), 0.1% zircon, 
5% garnet, 5% apatite, 0.1% allanite, 0.2% ilmenite and 0.06% monazite 
(Figure 8.6).  This is close to the abundances identified using major element 
trends in chapter seven for the major minerals (Figure 7.15).  The abundance of 
the accessory minerals has been estimated from QEMSCAN® analysis, 
assuming inclusion in biotite (Chapter Five).  Up to 40% fractionation would be 
required to cover the range of compositions from the least evolved coarse-
grained small phenocryst granite to the most evolved muscovite granite.   
 
Figure 8.6.  Fractional crystallisation models for fractionation of the assemblage discussed in 
text from the most to least evolved granites in the biotite-muscovite series.  (a) Sr vs. Ba 
showing the fractionation vector for a maximum of 30% fractional crystallisation  (b)  Chondrite 
normalised REE model showing the melt produced after fractional crystallisation of the 
assemblage discussed in text to reach the target least evolved granite. 
243 
 
A differing fractionation trend is shown by the biotite-tourmaline granite series, 
with a residue composition showing much lower SiO2 compared to the biotite-
muscovite series.  A fractionating assemblage of 25% biotite (magnesium 
siderophyllite), 50% plagioclase (An20), 20% alkali feldspar, 4% cordierite, 
0.15% ilmenite, 1% apatite, 0.1% zircon, 0.1% allanite and 0.05% monazite is 
sufficient to account for compositional variance within the series (Figure 8.7).  
Fractionation of up to 40% is again sufficient to account for the entire range of 
compositions shown.   
 
Figure 8.7.  Fractional crystallisation models  the assemblage discussed in text from the most to 
least evolved granites in the biotite-tourmaline series.  (a) Sr vs. Ba showing the fractionation 
vector for a maximum of 30% fractional crystallisation  (b)  Chondrite normalised REE model 
showing the melt produced after fractional crystallisation of the assemblage discussed in text to 
reach the target least evolved granite. 
The fractionating assemblage for the biotite-tourmaline series is similar to the 
one described by Ward et al. (1992) with the discrepancy between modelled 
and observed Eu also described.  This variation could be attributed to variable 
partitioning of Eu within plagioclase which shows distinctive zoning with more 
calcic rims (Chapter Six).  Eu partitioning is stronger in more calcic plagioclase 
(e.g. Schnetzler and Philpotts, 1970) and there is a positive correlation between 
Ca and Eu for plagioclase in this study, confirming this relationship. 
Overall the fractional crystallisation models are supported by variations in 
mineral chemistry (Chapter Six) in the biotite-muscovite and biotite-tourmaline 
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granite trends.  A decreasing anorthite content of plagioclase and decreasing 
Fe, Mg and Ti abundance within the trioctahedral micas and tourmaline are 
replicated in whole rock geochemical data and is consistent with a fractionation 
model.  The increasing abundance of volatile components such as Li and Rb in 
the micas and tourmaline also supports a fractionation model.  These changes 
are common within granite suites that have been affected by fractional 
crystallisation processes (e.g. Jung et al., 2000; Tartèse and Boulvais, 2010; 
Neiva et al., 2011). 
8.3.2. A combined partial melting-fractional crystallisation model for 
distribution of critical metals 
The distribution of the critical metals can be accounted for utilising just the 
partial melting and fractional crystallisation models.  Using the batch melting 
and Rayleigh fractionation equations, along with the average abundance of the 
critical metals within the Gramscatho metasedimentary rocks, the critical metal 
distribution has been investigated.  Major element and REE models indicated 
that 20% and 30% partial melting of a greywacke source would be appropriate 
to produce, respectively, the element abundances shown in the biotite-
muscovite and biotite-tourmaline granites.  Using these data, 20% and 30% 
melting followed by 10% and 30% fractionation was modelled using the batch 
and Rayleigh fractionation models.   
Given the lack of experimentally determined partition coefficients for the critical 
metals, as discussed in Chapter Three, it is difficult to ascertain partition 
coefficients for modelling melting.  Accessory minerals may control some of the 
behaviour of metals (particularly Nb and Ta) whereas other metals such as Li, 
Be and Ga may reside in major minerals (e.g. Bea et al., 1994).  For partial 
melting, Sn has presumed to be incompatible as only oxidised I-type magnetite-
bearing magmas stabilise Sn as Sn4+ so that it partitions into minerals such as 
biotite (Taylor and Wall, 1992).  Indium, Sb, W and Bi were presumed to be 
totally incompatible during melting due to their high charge and large ionic 
radius following the approach of Williamson et al. (2010).  Gallium partition 
coefficients are taken from the study of Ewart and Griffin (1994).  The major, 
trace and REE chemistry of the metasedimentary rocks are taken from Chapter 
Seven. 
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For the biotite-muscovite granite series Ga, In, Sn, Nb, W and Bi abundances in 
the granites can be accounted for with 20% melting and between 10% and 40% 
fractionation (Figure 8.8a-f).  Tantalum abundances scatter towards higher than 
modelled values in seven samples which could reflect variation in Ta 
abundance within the source (Figure 8.8g).  Lithium within the granites can be 
accounted for using the higher source abundance (100 ppm) but not with the 
lower abundance (48 ppm) (Figure 8.8h).  Beryllium shows some scatter 
towards higher values than expected from models which could be due to source 
variation or incorporation into quartz which can occur during greisenisation (e.g. 
Williamson et al., 1997b)(Figure 8.8i).  For both Sb and Ge the observed granite 
abundances fall well below modelled concentrations (Figure 8.8j-k).  As Sb 
shows no clear trend with any other element (chapter seven), this is further 
evidence that Sb mineralisation in the region is not controlled by granite-derived 
fluids.  For Ge, whole rock geochemistry showed a decrease with fractionation 
as so it was not expected that Ge models would fit with the abundances shown 
in the granites. 
For the biotite-tourmaline granites, cordierite has been considered as part of the 
fractionating assemblage.  This is due to the lower abundance of Be within the 
more evolved tourmaline granites, as discussed in chapter seven, and the 
strong partitioning of Be into cordierite.  Beryllium has a partition coefficient of 
100 to over 1000 for cordierite and even a small modal abundance of cordierite 
in a fractionating assemblage will deplete any residual melt in Be (Evensen and 
London, 2003).  The biotite-tourmaline granites show similar trends to the 
biotite-muscovite granites with In, Nb, W, Ga, Be and Bi abundances within the 
granites accounted for by the models (Figure 8.9a-f).  Lithium abundance within 
the granites is largely accounted for by the higher source abundance, with some 
upward scatter for tourmaline granites that contain high proportions on Li-micas 
(Figure 8.9g).  Like Li, Sn and Ta show upward scatter in the granite 
abundances that is not accounted for by the models (Figure 8.9h-i).  As with the 
biotite-muscovite granites, both Ge and Sb show lower abundances than 
expected from the models (Figure 8.9j-k). 
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Figure 8.8.  Modelled critical metal contents of a 
granite melt vs. critical metal source content for 
the biotite-muscovite granite series (ppm).  Blue 
line - 20% melting, 10% fractionation.  Red line – 
20% melting, 40% fractionation.  Dashed line – 
average abundance within the Porthscatho 
metasedimentary rocks (greywackes only).  Black 
dashed lines indicate biotite-muscovite granite 
data from this study.  (a) Ga.  (b) In.  (c) Sn.  
(d) Nb.  (e) W.  (f) Bi.  (g) Ta.  (h) Li. Maximum 
and minimum Li content of metasediments shown 
due to large variation in values.  (i) Be.  (j)  Sb.  
 (k)  Ge.  All in ppm except In in ppb..   
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Figure 8.9.  Modelled critical metal contents of a 
granite melt vs. critical metal source content for 
the biotite-tourmaline granite series (ppm).  Blue 
line - 30% melting, 10% fractionation.  Red line – 
30% melting, 40% fractionation.  Dashed line – 
average abundance within the Porthscatho 
metasedimentary rocks (greywackes only). Black 
dashed lines show biotite-tourmaline granite data 
from this study. (a) Ga.  (b) In.  (c) Sn. (d) Nb.   
(e) W.  (f) Bi.  (g) Li.  Maximum and minimum Li 
content of metasediments shown due to large 
variation in values.  (h) Sn. (i) Ta.  (j)  Ge.  (k)  Sb.  
All in ppm except In in ppb.   
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For Li, although there is a broad increase in Li in the more evolved granites of 
the biotite-tourmaline and biotite-muscovite series, partition coefficients for Li in 
biotite group minerals are high.  This results in models showing that Li should 
decrease with fractionation of biotite.  It is noted by Neiva et al. (2002) that 
elements such as Li, Rb, F and Cs may be affected by late-stage re-
equilibration between residual melt and minerals.  So although Figures 8.8h and 
8.9g show a decrease in Li with fractionation, this is not accurate, there may be 
further crystal-fluid interactions between residual melt and biotite that have 
affected the partition coefficient values for biotite. 
The partial melting and fractional crystallisation modelling shows that it is 
possible to account for variations in granite composition and for the abundance 
of the critical metals without the need to invoke other processes.  Partial melting 
of relatively unenriched metasedimentary rocks followed by fractional 
crystallisation processes has previously been invoked as a method for enriching 
metals such as Sn and W (and fluxing elements) within other European 
Variscan granites (e.g. Kováříková et al., 2007; Breiter, 2012) and China 
(Huang and Jiang, 2014).  The presence of two fractionating granites 
sequences coexisting within the same region is well described from Portugal 
and a similar process is occurring in SW England (e.g. Holtz, 1989; Gomes and 
Neiva, 2002; Antunes et al., 2008; Neiva et al., 2011).  The increase of Sn with 
fractionation is consistent with the study of Müller et al. (2006a) and extends the 
inference that the tourmaline granites are the magmatic precursors to Sn 
mineralisation to a wider range of critical metals.  The muscovite granites may 
represent magmatic precursors to greisen-style mineralisation. 
8.3.3. Rhyolite data as an indication of magmatic behaviour of critical 
metals 
Although not a dominant feature of this study, rhyolite samples were analysed 
for their critical metal contents.  The rhyolite sample from Neopardy is the only 
in situ exposure of a rhyolite spatially associated with the Dartmoor Granite.  
The unusual isotopic signature (ƐNd = -0.5) makes the rhyolite at Neopardy 
distinct to typical rhyolite clasts within Permian-aged rocks in the east of the 
study area and the rhyolite is believed to be derived from extreme differentiation 
of a mantle melt (Edwards and Scrivener, 1999).  A clast within the Newton St 
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Cyres Breccia represents a rhyolite derived from the Dartmoor Granite that was 
eroded during unroofing of the pluton.  The rhyolites have mineralogical 
similarities, such as cordierite phenocrysts, that imply they have a common 
source with the coarse-grained porphyritic biotite granites (Chapter Five). 
Relative to the average coarse-grained porphyritic biotite granite composition, 
the rhyolite clast shows a strong enrichment in Sn, Li, Ta, In, Rb confirming the 
incompatible lithophile behaviour of these elements.  Unusually, given 
behaviour in the granites, W, Bi and Nb are depleted relative to average 
Dartmoor Granite values.  Elements such as Ba, Sr, Zr and Ga which partition 
into common granite-forming minerals such as feldspars show an expected 
decrease relative to the granites (Figure 8.10a).  The enrichment of Sn, Ta, Rb 
and Li is common with peraluminous rhyolites described from elsewhere 
although these rhyolites are often also enriched in Nb, W, Zn and Cu also (e.g. 
Raimbault and Burnol, 1998).  
The relative depletion of Nb and W in the rhyolites, despite their increase within 
fractionation in the granites, could be due to crystallisation and fractionation of 
Nb- and W-bearing accessory phases with rhyolite melt extraction from a 
crystal-melt mush after these accessory phases have crystallised (e.g. 
Cashman and Sparks, 2013).  The depletion of Rb in the Neopardy Rhyolite is 
unexpected compared to the magmatic behaviour of Rb (Figure 8.10b).  Both 
rhyolites contain cordierite (Chapter Five) and as such have a genetic link with 
the younger biotite granites which also contain cordierite.  Early cordierite 
crystallisation sequestering Be from residual melt explains the depletion of Be 
within the rhyolites, as in the tourmaline granites, due to the strong partitioning 
of Be into cordierite (Evensen and London, 2003). 
For the rhyolite clast, the abundance of In, Be, Li and W is broadly similar to the 
most evolved tourmaline granites but the Sn concentration is enriched.  The 
high abundance of Sn in the rhyolites relative to the granites supports the 
finding of other studies that Sn, along with In, Ta and Li are incompatible in 
magmatic environments (e.g. Christiansen et al., 1984).  REE profiles (low 
∑REE, strong Eu anomalies and only slight LREE enrichment) show similarities 
with the tourmaline granites implying that similar fractionating processes have 
occurred in the formation of the rhyolites. 
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Figure 8.10.  Enrichment-depletion plots of rhyolites relative to the average coarse-grained 
porphyritic biotite composition (Dartmoor Granite).  (a) Rhyolite clast.  (b) Neopardy Rhyolite. 
The high abundance of Sn may be a function of the Cl, F, Li and B content as a 
high abundance of these fluxing elements aids transport of metals such as Sn 
and Ta.  Although there are no F analyses for the rhyolites, a similar process to 
F (and associated critical metal) enrichment in the tourmaline granites can be 
invoked for the rhyolites with Sn-Ta-In enrichment enhanced by high F content.  
Melt inclusion and experimental studies support the transport of Sn in late-stage 
magmatic vapours implying that considerable amounts of Sn, plus other 
economic metals, may have been lost through eruptive processes (e.g. 
Christiansen et al., 1984; Webster et al., 1996; Webster et al., 2004).  
Ultimately, the rhyolite compositions confirm the behaviour of the critical metals 
shown in the granites. 
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8.4. A mantle source? 
Microgranular mafic enclaves (MME) were observed in all of the younger biotite 
granites and were described in detail by Stimac et al. (1995).  These enclaves, 
plus the presence of cotemporaneous mafic and ultramafic rocks, has led 
previous authors to speculate about the potential metal transfer between mafic 
and felsic melts (e.g. Chappell, 1996b; Seifert, 2008; Štemprok and Seifert, 
2010).  The whole-rock analyses of the enclaves, along with the granites and 
basalts and lamprophyres have been plotted on element variation diagrams to 
assess if there is any extension of the compositional trend for the granites.  The 
granite trends, such as decreasing MgO vs. increasing SiO2 may be traceable 
from granites through enclaves to either rocks of basaltic or lamprophyric 
compositions.   
Lamprophyres are never observed in contact with granites in SW England and 
so it is difficult to ascertain relationships.  In Germany, lamprophyres can be 
mapped crosscutting both granites and mineralisation and being crosscut by 
granites and mineralisation themselves (Štemprok and Seifert, 2011); the 
general chronology of SW England (Chapter Two) indicates that this could be 
the same here. 
8.4.1. Lamprophyre source 
As discussed in Chapter Seven, the lamprophyres and basalts show a strong 
enrichment in light ion lithophile elements (LILE) such as Rb and Li, relative to 
the mantle.  To understand a potential source of the lamprophyres, the batch 
melting equation [8.5] was used to model melting of a primitive mantle source 
(Table 8.3). 
Modelling of both a spinel lherzolite and garnet lherzolite shows that the strong 
depletion in Yb relative to the other elements is closely matched by a garnet 
lherzolite source rather than a spinel lherzolite source (Figure 8.11).  However, 
even 1% of melting cannot reach the abundances of several of the elements (Li, 
Ge, Rb, Ba, In, Sn, Sb, REE and Th) in the lamprophyres implying that 
metasomatism (e.g. Abdelfadil et al., 2013), crustal contamination (discussed in 
Rock, 1991) or a combination of differing partial mantle melts (e.g. Coulson et 
al., 2003) would be required to achieve the abundances of elements shown in 
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the SW England lamprophyres.  Limited Sr and Nd isotope analyses support a 
metasomatised mantle source rather than crustal contamination (Thorpe et al., 
1986) and recent work confirms that the lamprophyres have a spinel-garnet 
lherzolite source (Dupuis et al., 2014). 
Table 8.3.  Lamprophyre modelling parameters.  Source type, mineral modal abundance, 
partition coefficients and source composition (ppm) shown. 
 Source Ol Opx Cpx Grt Spinel 
 Garnet lherzolite 0.55 0.20 0.15 0.10 0.00 
 Spinel lherzolite 0.55 0.25 0.18 0.00 0.02 
Li 1.6 0.29 0.28 0.270 0.041 0** 
Be 0.068 0.001 0.06 0.070 0.002 0** 
V 82 0.15 1.65 4.83 1.92 1.3 
Cr 2625 0.64 7.78 8.49 36 3.43 
Ga 4.0 0.005 0.38 0.77 1.02 0** 
Ge 1.1 0.55 1.36 3.27 0* 0** 
Rb 0.600 0* 0.0038 0.00024 0.002 0** 
Sr 19.9 0* 0.0021 0.102 0.003 0** 
Ba 6.60 0.0001 0.0036 0.00024 0.0002 0** 
Y 4.30 0.003 0.0046 0.340 2.64 0** 
Nb 0.658 0* 0.0007 0.0012 0.001 0.0001 
Sn 0.130 0.002 0.015 1.0 0.86 0** 
In 0.011 0.09 0.24 3.33 10.3 0** 
Sb 0.0055 0.0004 0.0011 0.012 0* 0** 
La 0.648 0* 0.0006 0.03 0.0005 0.000007 
Ce 1.675 0.001 0.0017 0.057 0.0027 0.00001 
Nd 1.250 0.003 0.004 0.13 0.028 0.00007 
Sm 0.406 0.002 0.011 0.22 0.17 0.0007 
Yb 0.441 0* 0.077 0.25 5 0.023 
Ta 0.037 0* 0.0008 0.0022 0.0017 0** 
W 0.029 0.0003 0.0005 0.0005 0.0008 0** 
Bi 0.0025 0* 0.0026 0* 0* 0** 
Th 0.0795 0.00017 0.0005 0.008 0.0008 0** 
Ref (3) (2) (1) (1)(2) (2) (4)(5) 
 
(1) Lundstrom et al. (1998); (2) Adam and Green (2006); McDonough and Sun (1995); (4) 
Kelemen et al. (1993); (5) Elkins et al. (2008) *Below detection in studies assumed to be 0; **No 
partition coefficient available assumed to be 0. Modal abundances from the referenced studies. 
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Figure 8.11.  Primitive mantle normalised multi element plot showing average lamprophyre 
composition and the composition produced by varying degrees of partial melting of a garnet 
lherzolite source.  Dashed lines indicate F, the fraction of melt produced, from 1% to 10%. 
8.4.2. Major and trace element behaviour in granites, enclaves, basalts 
and lamprophyres 
For major element plots of granites, enclaves, basalts and lamprophyres, 
several elements (Al, K, Na, P) show no continuation of trends from granites 
through to MME and then lamprophyres or basalts (Figure 8.12a).  Only the 
SiO2 vs. MgO and CaO plots show a continuum through all sample types 
(Figure 8.12b-c).  Ti and Fe show a continuation to an extent before deviation of 
basalt and lamprophyre compositions (Figure 8.12.d).  Of the critical metals, 
only Ge shows a continuum from granite through to basalt / lamprophyre 
compositions.  All other critical metals show no continuum with the 
lamprophyres or basalts but occasionally show a continuum with MME (Figure 
8.12e).   
Interpretation of enclave geochemistry is problematic due to chemical exchange 
of elements between the granite melt and the enclave (e.g. Stimac et al., 1995).  
Experiments mixing two end member compositions and studies of enclave-
granite pairs have shown that Si, Cl, K, P, Ti, Mn, Al, Na, Rb and to some extent 
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Ca are the most mobile relative to Fe, Mg, REE, Zr, Sr, Nb and Ta although 
there is also limited mixing for the latter group of elements (Orsini et al., 1991; 
Perugini et al., 2008).  It is also noted in the Perugini et al. (2008) study that 
mixing is chaotic and linear trends of diagrams may not necessarily represent a 
mixing trend.   
Chemical exchange is particularly problematic with the critical metals in this 
study due to their incompatible nature.  They would be expected to undergo 
exchange more readily than immobile elements, particularly given strong 
correlations in whole rock data between elements such as Rb and W which are 
known to be immobile, and critical metals.  As MgO is considered one of the 
most immobile elements during chemical exchange, the continuum of the 
granite trend through enclaves to lamprophyres could imply mixing between 
granitic and mafic melts of compositions similar to that of the basalts or 
lamprophyres.  However, other elements also considered relatively immobile 
(e.g. Ti, Fe, V) during chemical exchange do not show this trend, with deviation 
within the basalt compositions.  This could imply that mixing has taken place but 
with an unknown mafic end member.  Alternatively, mixing has taken place with 
rocks of a similar composition to the basalts but the deviation of the basalt trend 
has been caused by processes controlling compositional variation in the basalts 
(e.g. fractional crystallisation). 
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The biotite within a 20 mm diameter MME from the Land’s End Granite had an 
identical mica composition to the host granite; both are Mg siderophyllite to 
siderophyllite.  It is noted by Stimac et al. (1995) that plagioclase also shows the 
same composition in enclaves and their granite hosts.  As these minerals are 
expected to be early forming, they would have undergone extensive chemical 
exchange with the granite host or have been inherited from the granite host.  It 
is known from Chapter Six, that biotite hosts of a number of the critical metals 
(Li, Ga, Nb, Ta, In, Sn and W) with plagioclase a host of Ga and so chemical 
exchange is likely to have affected the critical metal content of the enclaves. 
8.4.3. Implication of lamprophyre, basalt and enclave data on the critical 
metal abundance of the granites. 
The critical metal abundance of the granites can be adequately explained by 
partial melting of continental crust and fractional crystallisation.  A contribution 
to the critical metal budget from lamprophyres is not required, as per the 
theories of Seifert (2008) for Sn and W in the granites of the Erzgebirge, 
Germany.  Given the protracted chemical exchange and partitioning of the 
critical metals into these minerals, the enclave critical metal compositions reflect 
chemical exchange with their granitic host and are not representative of the 
original mafic composition.  The enrichment of the critical metals (Li, Sn, W) in 
the enclaves relative to the lamprophyres and basalts represents chemical 
exchange of these elements between the granitic melt and original melt; this is 
also noted for other incompatible elements such as Th and U by Stimac et al. 
(1995).  It is further noted by Tindle (1991) there will be more chemical 
exchange of HFSE due to their high charge and large ionic radius if there is 
mingling of mafic and felsic melts.  Given the amount of chemical exchange 
between enclaves and their granite hosts it may be impossible to determine the 
extent of mixing; for this an enclave that has undergone no chemical exchange 
would be needed. 
The high abundance of critical metals in the lamprophyres relative to the 
primitive mantle is either due to the lamprophyres being sourced from a 
metasomatic mantle or crustal contamination.  The strong enrichment of K in 
the lamprophyres relative to the primitive mantle (Chapter Seven) could indicate 
a period of potassic metasomatism in the mantle (e.g. Elkins‐Tanton and Grove, 
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2003).  However, the lamprophyres have quartz xenocrysts (Chapter Five), 
enrichment of large ion lithophile elements (LILE) (Rb, Sr, Ba and LREE) 
(Chapter Seven) with 87Sr/86Sri and 
143Nd/144Ndi values that plot close to the 
mantle array (Thorpe et al., 1986).  These characteristics are reported for 
lamprophyres that have experienced modification by addition of crustal material 
during emplacement (e.g. Peccerillo, 1999; Chen and Zhai, 2003) 
Mantle upwelling may have inadvertently resulted in an enrichment of metals 
such as Li, Sn, U, Be and W along with fluxes such as F and H2O due to 
granulite facies metamorphism in the source rocks.  A recent model proposed 
for the genesis of rare metal granites (RMG) shows that LILE and rare metal (Li, 
Sn, U, Be, W)-rich fluids are derived from dehydration melting of the source 
during granulite-facies metamorphism.  These fluids, emplaced via regional 
shear zones, promote melting further melting of the crust, producing RMG 
within the northern Massif Central, France.  The granulite facies is achieved due 
to mantle underplating of the crustal zone (Cuney and Barbey, 2014). 
8.5. The topaz granite anomaly 
The topaz granites are an anomaly in SW England and do not fit into trends 
displayed by the biotite-muscovite or biotite-tourmaline series granites.  As 
discussed in Chapter Two, there have been several theories as to how the 
topaz granites have formed, from fractionation of biotite granite (Stone, 1975) to 
partial melting of lower crustal residues left after melting that formed the biotite 
granites (Manning and Hill, 1990).  Other processes for formation of topaz 
granites, such as partial melting of earlier formed biotite granite, are discussed 
by Stone (1992).  Part of this study aimed to investigate possible models for the 
formation of the topaz granites, as their enrichment in Li, Be, Nb, Ta, Sn and W 
is important for the distribution of critical metals in the region.  The topaz 
granites have similarities with rare metal granites described from France (e.g. 
Cuney et al., 1992b) and topaz granites described from Mexico (Webster et al., 
1997), Canada (Taylor, 1992) and Finland (Haapala, 1997). 
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8.5.1. Models for topaz granite formation 
Models used for generation of the biotite-muscovite and biotite-tourmaline 
granites in the region do not apply to the topaz granites (Figure 8.13).  Even 
unreasonably low degrees of partial melting cannot obtain a melt composition of 
the least evolved topaz granite.  Fractionation of the topaz granites from the 
biotite granites also cannot be modelled using reasonable parameters.  The 
least evolved topaz granite contains 70.0% SiO2, 1.46% Fe2O3 and 0.54% P2O5 
whereas a coarse-grained porphyritic biotite granite with 70.4% SiO2 contains 
3.30% Fe2O3 and 0.24% P2O5.  In the same samples, Ba, Sr, Th and REE are 
significantly lower in the topaz granite than in the biotite granite but the topaz 
granite is enriched in Rb, Li, Sn, Nb, Ta and W. 
 
Figure 8.13.  Muscovite and biotite melting models for topaz granites showing a different 
petrogenesis to the biotite granites.  (a) Sr vs. Ba plot. The topaz granites lie far from the 
modelled melt composition for muscovite and biotite melting.  (b)  REE model showing the 
LREE enrichment for models of biotite and muscovite melting and overall ∑REE depletion of the 
topaz granites relative to modelled melts. 
Partial melting of lower crustal residues left behind after extraction of the biotite 
granite melt is also not replicated by trace element models.  Models show the 
partial melting of the residue left after extraction of the older coarse-grained 
small phenocrysts biotite granites produces a melt with too high a REE, Sr and 
Ba abundance and a Rb abundance that is too low (Figure 8.14).  Given the 
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similarity between the residue left after the older and younger biotite granites, 
the same result is achieved with the residue left after extraction of the younger 
biotite granites. 
For the critical metals, melting of a residue rich in plagioclase would release Ga 
to the melt and Ga is present in higher abundances (up to 47 ppm) in the topaz 
granites compared to the biotite granites (typically around 25 ppm).  However,  
the high abundances of Be, Sn and W within the topaz granites are not 
supported by melting of a residue; this implies that these elements must have 
partitioned strongly into biotite during muscovite melting in order to replicate the 
abundances shown in the topaz granites (up to 15, 25 and 33 ppm 
respectively). 
 
Figure 8.14.  Partial melting models for residue left after extraction of the older biotite granites.  
(a) Sr vs. Ba plot.  The topaz granites lie far from the modelled melt composition for partial 
melting of residue.  (b)  REE model showing the ∑REE abundance of the modelled melt is much 
higher than the ∑REE of the topaz granites. 
Partial melting of earlier formed biotite granite (as suggested by Stone, 1992) 
would also be an unviable process for formation of topaz granites.  Although 
melting of muscovite-bearing granite would potentially produce the abundance 
of critical metals such as Be, Sn and W within the topaz granites, again the REE 
budget would be higher than observed.  Barium and Sr would also be higher 
due to melting of feldspars and the Rb abundance of the topaz granites would 
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again not be reached.  A further theory of Stone (1992) is that a biotite-rich 
residue was melted.  Melting of biotite-rich assemblage (i.e. >60% biotite) does 
lower the ∑REE abundance but addition of a MREE-bearing phase such as 
apatite and a LREE-bearing phase such as allanite is required to lower 
modelled melts to similar abundances shown by the topaz granites (Figure 
8.15).  A high level of apatite melting is not unreasonable given the high P2O5 of 
the topaz granites (>0.45 wt. % relative to ~ 0.2 wt. % for biotite granites).  
Apatite solubility is high in strongly peraluminous melts, such as the topaz 
granites  which have A/CNK > 1.3 compared to the biotite granites of ~1.2 (Wolf 
and London, 1994).  Ilmenite, a major source of Nb and Ta would also have to 
be melted to produce the abundances of Nb and Ta within the topaz granites, 
again enhanced by the high P, F and Li content of the melt (London, 2008).  
Production of an P-, Li- and F-rich melt would potentially result in the 
partitioning of elements such as Sn and W into the melt as these elements have 
strong affinity for F-rich melts (e.g. Linnen, 1998). 
 
Figure 8.15.  Models for partial melting (F=0.1) of biotite-rich restite.  (a)  Sr vs. Ba plot.  (b) 
REE model.  Both plots show a closer melt composition to the target than previous models. 
To achieve the strong Eu anomaly in the topaz granites implies high levels of 
feldspar fractionation.  Modelling 10% fractionation of an assemblage 
comprising 50% plagioclase and 50% alkali feldspar from the melt achieve in 
Figure 8.15 is sufficient to achieve the composition of the topaz granites (Figure 
8.16).  This assemblage may be unrealistic, but demonstrates the potential role 
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of the feldspars in modification of the topaz granite composition.  Given the lack 
of exposures of a granite type that appears petrogenetically linked with the 
topaz granites, it is difficult to fully ascertain the processes controlling their 
petrogenesis. 
 
Figure 8.16.  Fractional crystallisation model for a feldspar-rich assemblage from the melt 
produced in Figure 8.15 top produce a melt of topaz granite composition. 
Mass balance calculations indicate that simply melting a biotite-rich restite is not 
enough to reach the abundances of metals such as Li, Rb, In and Sn within the 
topaz granites so an additional source must be invoked.  It is proposed by 
Cuney and Barbey (2014) and Christiansen et al. (1988) that granulite facies 
metamorphism of a crustal source will liberate Li, F and metals such as Sn, Nb, 
Ta and W from source mica with these elements partitioning into a fluid.  This 
fluid is transported by lineaments to higher levels in the crust where melting is 
induced (Figure 8.17).  High concentrations of elements such as F, P, Li and B 
decrease the solidus temperature and viscosity of any melt formed so only low 
degrees of partial melting are required before granitic melts are extracted.  It is 
noted by Manning and Hill (1990) that the occurrence of the topaz granites in 
SW England is most likely in association with basic magmas and granulite-
facies rocks, with the fluxing elements potentially coming from the basic 
magma.  Therefore, the topaz granites in SW England are tentatively thought to 
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have formed from flux-induced melting of biotite-rich restite in the lower crust.  
Major NW-SE trending faults, displayed in figure 7.15, are spatially associated 
with topaz granites, supporting this hypothesis.  Only small degree of partial 
melting are required as F- and P-rich melts typically have a low viscosity 
(Dingwell, 1987). 
 
Figure 8.17.  Schematic model for the genesis of the topaz granites.  Modified after Cuney and 
Barbey (2014).  Granulite dehydration melting releases fluxing elements and rare metals to a 
melt which is transported by structures and induces further melting in residues. 
8.5.2. Implications for critical metal distribution in topaz granites 
The topaz granites have many similarities with “high-P” F-rich granites 
described elsewhere such as Yichun, China (Yin et al., 1995) and Beauvoir, 
France (Cuney et al., 1992b).  Granites that evolve towards high F contents are 
typically characterised by the occurrence of disseminated magmatic 
mineralisation with limited partitioning of metals such as Sn and W into fluids 
exsolving from the cooling granitic melts (Pollard et al., 1987).  Chapter Six 
shows that the critical metals, with the exception of Li and Ga, and to a limited 
extent, In, appear to be controlled by accessory minerals.  It is presumed that 
the potential for partitioning of  Sn, W, Nb and Ta into fluids exsolving from the 
topaz granites would be reduced compared to other systems in the study area 
as these metals have formed accessory minerals entrained within the granite 
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themselves.  Metals that effectively partition into high-F fluids (Nb, Ta, Sn, W 
and potentially In) will be enriched within topaz granites. 
8.6. Other causes of variation in granite suites 
8.6.1. Wall rock assimilation 
Previous studies have theorised that the Sn abundance in the granites is due to 
assimilation of country rock mudstones during granite ascent (e.g. Jackson et 
al., 1989; Williamson et al., 2010) rather than magmatic processes.  This study 
indicates that wall rock assimilation is not a major process and therefore has 
little impact upon the critical metal budget of the granites.  A previous study of 
Sr and Nd isotopes showed the clear separation between the majority of the 
country rocks analysed and the granites (Figure 8.18).  The same study also 
concluded that assimilation of country rock material would lower the δ15N values 
and raise the NH4
- beyond those seen within the granites (Darbyshire and 
Shepherd, 1994).  Additionally, in the field where country rock xenoliths are 
seen within granite, the boundaries are sharp indicating that there has been no 
melting of the country rock on contact with the melt (Chapter Five), at least at 
the current exposure level of the Cornubian Batholith.  
Figure 8.18.  Isotope plot of ƐNd (T) vs. ƐSr (T) for granites, metasediments, basalt and 
lamprophyres.  All granite and metasediment data from Darbyshire and Shepherd (1994) with 
(T) values from the same study utilised.  Lamprophyre and basalt data from Thorpe et al. (1986)  
with (T) set as 291 Ma. 
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Previous studies have indicated that tourmaline needles in the aplitic sheets at 
Megiliggar Rocks, Tregonning Granite, adjacent to the country rock are Mg-rich 
(London and Manning, 1995; Simons, 2011).  This enrichment in Mg does not 
extend to tourmaline within the aplites or granites implying limited chemical 
exchange beyond the zone immediately adjacent to the country rocks or 
xenoliths. 
Models for crustal contamination confirm that this is not a major process, at 
least for the critical metals, which can be explained by partial melting and 
fractional crystallisation processes.  Abundances of the critical metals are 
typically higher in the granites than the metasedimentary rocks and so it is 
difficult to recognise whether assimilation processes are present.  However, the 
Zr content of the metasediments (average 323 ppm) is significantly higher than 
that of the granites (<150 ppm) and even assimilation of a minor amount 
(<10%) of country rock material would result in a large increase in the 
abundance of Zr within the granites. 
8.6.2. Restite unmixing 
Restite unmixing is not a major process in governing the distribution of the 
critical metals in SW England.  The increasing abundance of several of the 
critical metals (Li, Be, In, Sn, Nb, Ta, W) with fractionation and their high 
abundance in the rhyolites and elvans indicates their incompatible nature during 
magmatic processes.  This implies that during partial melting processes, the 
critical metals will partition into any melt that forms rather than residual restite 
minerals.  The lack of an association between mineralisation and granites 
thought to owe their variation to restite separation is discussed in chapter three 
(3.7.3)  Calculated bulk compositions for restite lie off the trends shown by trace 
elements (Figure 8.19), which is not expected for granites that show restite 
unmixing as a process controlling granite evolution (e.g. Chappell et al., 1987; 
Williamson et al., 1997a). 
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Figure 8.19.  Models showing restite evolution during batch melting (starting composition in 
beige, intervals F=0.1) relative to the range of compositions shown by the (a) Biotite-muscovite 
granites and (b) Biotite-tourmaline granites.  In both cases, the restite composition and trend 
lies away from the trends shown by the granite suites. 
8.6.3. Hydrothermal overprint 
Given that hydrothermal fluids can carry a higher proportion of metals than a 
melt and the extensive fractional and hydrothermal alteration in the region, a 
possible hydrothermal overprint resulting in critical metal enrichment had to be 
considered.  Highly fractionated granites often show evidence for hydrothermal 
overprint (e.g. Haapala, 1997) and it was noted during trace element modelling 
that Rb abundances could often not be accounted for, particularly in the 
globular quartz tourmaline granites.  Strontium vs. Rb plot vectors for 
hydrothermal alteration were calculated using the first boiling equation of 
Candela (1989): 
[8.9] Cifluid = D
i
fluid/meltC
io(1-[(1-F)Co
water])Dfluid/melt-1 
where: 
 Cifluid = concentration of the component (i) in the fluid at any instant in the 
evolution of the aqueous phase. 
 Difluid/melt = is the fluid/melt partition coefficient for component i 
 CiO = the initial concentration of i in the melt on water saturation 
 Co
water
 = the initial concentration of water in the melt at water saturation 
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 F = the ratio of the mass of water in the melt at any given point after 
water saturation to the initial mass of water in the melt. 
The concentration of the component (i) in a corresponding melt is given as: 
[8:10] Cimelt = C
i
fluid / D
i
fluid/melt 
Fluid / melt partition coefficients for Rb and Sr in a pure H2O fluid are taken from 
the study of Borchert et al. (2009) with the fluid/melt partition coefficient for Sn 
and a pure H2O fluid taken from Keppler and Wyllie (1991). Modelling was 
performed for the biotite-tourmaline and biotite-muscovite granites for Rb, Sr 
and Sn (Figure 8.20). 
Figure 8.20. shows that the hydrothermal overprint for the majority of samples is 
expected to be minimal for Sn.  Rubidium has been affected by hydrothermal 
processes shown by the deflection of the trend from the expected fractional 
crystallisation line; the deflection is stronger in the biotite-tourmaline granite 
trend.  This could be a result of Rb partitioning into secondary sericite micas 
which occur as alterations products on feldspars, as these micas can show 
particularly high abundances of Rb (Deer et al., 2003).  Rubidium correlates 
strongly with W in whole rock data implying at least some hydrothermal 
overprint of W, particularly in the tourmaline granites.  No partitioning data for W 
are available to corroborate this hypothesis. 
The sample from Hemerdon is an outlier on both the Rb vs. Sr and Sn vs. Sr 
plots, showing hydrothermal alteration consistent with the models.  As the 
majority of samples do not show this extreme deviation from the trends 
predicted by fractional crystallisation, it is not thought that hydrothermal fluid 
overprint is a major process controlling critical metal distribution in the samples 
for this study although an increase in critical metal abundance with 
hydrothermal fluid overprint would occur.  This is not unexpected given the care 
taken to avoid altered samples in close proximity to mineralisation.  Overall, it is 
shown in Chapter Seven that hydrothermal alteration does affect the critical 
metal abundance but this would be expected as any hydrothermal fluids present 
would be expected to carry the critical metals in a much greater abundance 
than a silicate melt (e.g. Audétat et al., 2000).  Further work would be required 
to quantify the critical metal abundance in fluid inclusions within the samples. 
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Figure 8.20.  Plots showing melt concentration vectors expected with increased hydrothermal 
alteration.  Rubidium vs. Sr models for (a) Biotite-tourmaline granites and (b) Biotite-muscovite 
granites.  Black dashed line = fractional crystallisation trend.  Tin vs. Sr models for (c) Biotite-
tourmaline granites and (d) Biotite-muscovite granites.  Red line = H2O fluid only.  Green 
dashed line = ~3.5 m NaCl  + 0.5 m HCl fluid.  Circled sample shows Hemerdon, identified as 
having undergone fluid alteration by major element geochemistry. 
8.7. Conclusions 
Modelling of a range of processes including partial melting of varying source 
types, fractional crystallisation and magma mixing indicate that the critical metal 
abundance can be explained by varying conditions of partial melting of a 
metagreywacke source followed by fractional crystallisation with a minimal 
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hydrothermal overprint.  The processes of  magma mixing with a mafic end-
member of lamprophyric or basaltic character, restite unmixing and assimilation 
of country rocks have been ruled out as  processes controlling either granite 
evolution or critical metal distribution. 
The older biotite granites, intruded from ~292 Ma (Clarke et al., 1993) formed 
from muscovite-melting at moderate temperatures and high pressures resulting 
in the strong partitioning of Be, Nb, Ta, In, Sn and W into melt.  Fractional 
crystallisation of an assemblage consisting of ~50% alkali feldspar, 25% 
plagioclase, 25% biotite and minor zircon, apatite, monazite and ilmenite 
resulted in the formation of the volumetrically small muscovite granites.  These 
muscovite granites are spatially associated with greisen-style mineralisation in 
the region.  Lithium, Be, Ga, In, Sn, Nb, Ta, W and Bi all increase with 
fractionation whereas Ge decreases.  Antimony is not controlled by granite 
processes.  There is minimal hydrothermal overprint, as shown by hydrothermal 
models. 
Younger biotite granites, intruded from ~286 Ma (Chesley et al., 1993), formed 
through predominantly biotite-dehydration melting within the cordierite stability 
zone at higher temperatures and lower pressures compared to the older biotite 
granites due to tectonic extension and increased advective heat in the lower 
crust due to mantle upwelling.  Fractionation of an assemblage consisting of 
50% plagioclase, 25% biotite, 20% alkali feldspar, 4% cordierite and the 
remainder zircon, apatite, monazite and ilmenite produces tourmaline granite 
(equigranular, globular quartz and lithium mica variants).  Fractionation of 
cordierite results in a depletion of Be in residual melt due to the strong 
partitioning of Be into cordierite (Evensen and London, 2003).  Lithium, Ga, Nb, 
Ta, In, Sn, W and Bi all increase with fractionation due to their incompatibility in 
fractionating phases whereas Be and Ge decrease.  There is a higher degree of 
hydrothermal overprint relative to the biotite-muscovite granites, particularly for 
the globular quartz tourmaline granites. 
The topaz granites and associated aplites formed through low degrees of partial 
melting of biotite-rich residues left after melting that formed the older biotite 
granites.  Granulite-facies metamorphism, occurring due to post-Variscan 
extension resulting in mantle upwelling and decompression effects along major 
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NW-SE transtensional faults, liberates fluxing (e.g. F, H2O, CO2) and critical 
metals (including Li, Nb, Ta, Sn and W) due to the breakdown of hydrous 
minerals such as biotite.  These fluids induce low degrees of partial melting in 
biotite-rich residues before emplacement at shallow crustal levels.  
Quantification of the fluid inclusion composition of the topaz granites is required. 
The lamprophyres in the region are derived from a metasomatised mantle 
source with additional crustal contamination and do not contribute to the critical 
metal budget of the granites.  Mafic microgranular enclaves in the younger 
biotite granites have undergone protracted chemical exchange with their hosts 
and do not represent compositions that correspond to either the 
contemporaneous lamprophyres or basalts in the region.  As the critical metal 
abundances can be accounted for by partial melting and fractional 
crystallisation models, magma mixing is not thought to be a dominant process in 
controlling granite variation or critical metal distribution. 
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Chapter 9: Conclusions 
9.1. Thesis summary 
The purpose of this study was to determine the abundance and processes 
controlling the distribution of critical metals (Li, Be, Ga, Ge, Nb, Ta, In, Sn, Sb, 
W and Bi) in the granites of SW England.  Appropriate analytical methods, 
particularly for analysis of In, were devised, and collation and analysis of 
mineralogical and geochemical data have determined the distribution and 
processes controlling distribution of the critical metals in SW England. 
9.1.1. Granite types 
It is demonstrated that there are four main granite types (biotite(-muscovite), 
biotite(-cordierite), tourmaline, muscovite and topaz) in SW England that can be 
distinguished by their distinctive mineralogical and geochemical features and 
occurrence of biotite or tourmaline as the dominant ferromagnesian mineral.  
These four granite types can be grouped into three main granite suites, a 
biotite-muscovite suite, biotite-tourmaline suite and topaz granite suite.   
Biotite granites of the biotite-muscovite granite suite comprise coarse-grained, 
medium-grained and fine-grained variants with alkali feldspar phenocrysts up to 
25 mm long.  These granites are typically aged >282 Ma and a generally 
confined to the Isles of Scilly, Bodmin and Carnmenellis plutons.  These 
granites contain biotite, either magnesian siderophyllite or siderophyllite, as the 
dominant ferromagnesian mineral with up to 5% muscovite and accessory 
tourmaline, andalusite, zircon, rutile, monazite and ilmenite.  Plagioclase 
Muscovite granites contain muscovite as the dominant mica and pale brown 
lithium siderophyllite with minor tourmaline and occur in volumetrically small 
stocks such as Carn Marth, Kit Hill, Hemerdon and Cligga.   
Younger biotite granites (<282 Ma) dominantly comprise the remaining major 
plutons (Land’s End, Dartmoor and St. Austell) and are characterised by the 
occurrence of alkali feldspar phenocrysts that reach up to 120 mm in size.  
These biotite granites can be coarse-grained or medium-grained and also 
comprise biotite, as magnesium siderophyllite or siderophyllite, as the dominant 
ferromagnesian mineral.  Accessory cordierite and tourmaline are widespread 
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with rare muscovite and andalusite.  The younger biotite granites commonly 
contain quartz-tourmaline orbicules and MME.  Tourmaline granites contain 
tourmaline as the dominant ferromagnesian mineral and show a textural 
variation from fine- to coarse-grained with one facies containing inclusion-rich 
globular quartz.  Tourmaline granites are associated with younger plutons (St. 
Austell, Dartmoor, Land’s End) occurring as volumetrically small stocks and 
dykes within these major plutons.   
The topaz granites are restricted to exposures within the Tregonning Granite 
and St Austell Granite and contain ferroan polylithionite and polylithionite micas 
and up to 3% topaz.  The accessory mineral assemblage of topaz granites is 
diverse with amblygonite, primary magmatic fluorite, Nb-rich rutile, columbite, 
cassiterite and wolframite all present.  The topaz granites within the Tregonning 
Granite are associated with topaz aplites, which are highly fractionated 
comprising almost pure albite, topaz, polylithionite micas and elbaite tourmaline. 
9.1.2. Processes controlling granite evolution 
The older biotite granites form a continuum with the muscovite granites whereas 
the younger biotite granites form a continuum with the tourmaline granites 
controlled by fractional crystallisation of an assemblage dominated by feldspars 
and biotite.  Fractional crystallisation as a dominant process in controlling 
granite evolution is supported by variations in the composition of trioctahedral 
micas, which show decreasing Mg and increasing Li with evolution, decreasing 
Mg in tourmaline and the decreasing anorthite content of plagioclase.   
For the biotite-muscovite granites (Li, Be, Nb, Ta, In, Sn, W and Bi show an 
increase in abundance with fractionation.  For biotite-tourmaline granites, the 
same is true, but Be decreases with fractionation.  Beryllium strongly partitions 
into cordierite resulting in depletion in the tourmaline granites.    Gallium, which 
remains broadly constant in the biotite-muscovite granites, increases in the 
biotite-tourmaline granite series.  Antimony and Ge show no overall trends and 
these critical metals are not controlled by granite-related magmatic processes.   
It can be shown using major element geochemistry, trace and rare earth 
element models that the biotite granites have formed from partial melting of a 
metagreywacke source with the older biotite granites formed through 
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dominantly muscovite melting of a greywacke source at moderate temperatures 
and pressures.  Continued post-Variscan extension and mantle upwelling 
resulting in increased temperature but decreased pressure brought about 
biotite-melting to form the younger biotite granites.  Overall, Be, Sn and W are 
more strongly enriched in the biotite-muscovite granites due to these metals 
being hosted in source muscovite and these granites are interpreted as the 
magmatic precursors for greisen mineralisation in the region. 
The topaz granites are interpreted as forming from melting of biotite-rich residue 
left after melting that formed the older biotite granites.  Melting was induced by 
flux-rich fluids containing a high abundance of F, Nb, Ta, Sn and W, derived 
from granulite dehydration melting of the lower crust.  High F promotes the 
partitioning of Nb, Ta, Sn and W into fluids or melts rather than minerals.   
9.1.2. Mineralogical hosts of critical metals 
Across all of the granite types, the trioctahedral micas are major hosts for Li 
(over 16,000 ppm in polylithionite), Nb and Ta.  In addition, if muscovite is not 
present as a major mineral, such as the younger coarse-grained porphyritic 
biotite granites, trioctahedral micas are major hosts of Sn, W and In.  Where 
muscovite is present as a major mineral, such as in the older coarse-grained 
porphyritic biotite granites, muscovite is the major host of In (up to 1.3 ppm), Sn 
(up to 85 ppm) and W (up to 95 ppm).  Niobium and Ta are hosted within 
trioctahedral micas in the least evolved biotite granites and are incorporated into 
accessory phases, such as rutile and columbite in tourmaline and muscovite 
granites.  Gallium and In are also incorporated into tourmaline, reaching 184 
ppm and 0.94 ppm respectively.  Micas, plagioclase and alkali feldspar all host 
Ga.   
Major minerals (feldspar, trioctahedral mica, dioctahedral mica, tourmaline, 
accessory topaz and cordierite) can account for the entire whole rock 
distribution of Li, Ga, Nb, Ta, Sn and W within the older biotite granite, 
muscovite granites and younger biotite granites.  Within tourmaline granites, 
distribution of Li, Ga, In, Sn and W is largely controlled by major minerals with 
Nb and Ta partitioning into accessory minerals, presumably rutile and 
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columbite.  Only Li and Ga distribution is controlled by major minerals in topaz 
granites, with Nb, Ta, Sn and W partitioning into accessory minerals. 
Data obtained in this study are comparable to the distribution of Sn and W 
within micas in the granites of the Viseu region, Portugal (e.g. Neves, 1997).  In 
the Portuguese granites, biotite and muscovite account for over 80% of the 
whole rock abundance of Sn.  Enrichment of Li within biotite, but not in 
muscovite, is confirmed by experimental partitioning data (e.g. Icenhower and 
London, 1995) and analyses of samples in a range of granite types (e.g. 
Tischendorf et al., 1997). 
9.1.4. Lamprophyres, basalts and enclaves 
Lamprophyres in SW England comprise phlogopite, quartz xenocrysts and 
iddingsite-replaced olivine phenocrysts in a fine-grained groundmass containing 
alkali feldspar, plagioclase, apatite and opaques.  Basalts have the same 
mineralogy, less the phlogopite.  Lamprophyres and basalts are both altered, 
with calcite veins and white mica replacement of feldspars.  The lamprophyres 
are derived from a metasomatised garnet lherzolite source and are 
contaminated with crustal material.  Both the lamprophyres and basalts have 
abundances of the critical metals above average mantle values. 
Mafic microgranular enclaves (MME), present within the younger biotite 
granites, have undergone extensive chemical exchange with their granite hosts 
obscuring the original geochemistry and mineral chemistry.  Element plots imply 
that MME are not the products of mixing between lamprophyres and crustal 
melts, but may represent mixing between a crustal melt and a mafic melt with 
similar characteristics to the basalts.  Ultimately, the mantle does not contribute 
to the critical metal budget of the granites; this can be accounted for by partial 
melting and fractional crystallisation.  The theory for metal enrichment in the 
Erzgebirge, Germany that lamprophyres are the source of the Sn within the 
granites (e.g. Seifert, 2008) is not applicable in SW England; to produce the 
extent of Sn mineralisation in the region would require a large number of 
lamprophyres  because they are volumetrically small.  Extensive exposures of 
lamprophyres are unlikely to exist in a single locality owing to their source as 
small degrees of partial melt. 
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9.2. Implications for critical metals in mineralisation in SW 
England 
The critical metals Li, Be, Nb, Ta, In, Sn, W and Bi show higher abundances in 
all of the granites of SW England relative to average continental crust (Taylor & 
McLennan, 1985).  Gallium, Ge and Sb are present in abundances typical of 
average continental crust.  The processes controlling granite evolution, 
discussed above, and the mineralogical hosts of the critical metals have several 
implications for mineralisation in the region.  The three differing granite suites 
would be expected to be potentially exsolve different critical metals due to the 
variations in mineralogy and source melting conditions.  
Lithium is fairly ubiquitous across the study area, occurring within trioctahedral 
and dioctahedral micas and tourmaline and increasing with fractionation.  
However, the strongest enrichment of Li is within the topaz granites and topaz 
aplites where Li-rich polylithionite micas contain over 16,000 ppm Li, 
contributing to whole-rock values of over 2000 ppm.  The pegmatite associated 
with the Tregonning Granite may represent a source of Li-rich minerals such as 
spodumene but these pegmatites are volumetrically small compared to Li-Cs-
Ta-type pegmatites described elsewhere, for example in the Moldanubian Zone 
of the Bohemian Massif, Czech Republic (Breiter et al., 2014). 
Beryllium is unique in this study and its behaviour does not mirror other critical 
metals.  There is a strong increase in Be within the biotite-muscovite granite 
trend, implying that hydrothermal fluids exsolving from the more evolved 
muscovite granites may be enriched with Be.  Any pegmatite associated with 
this granite series would be expected to be enriched in Be minerals; this is 
indicated by description of beryl and bertrandite within the Trolvis Quarry 
pegmatite, Carnmenellis granite (Hosking, 1954).  The presence of magmatic 
cordierite in the biotite granites of the biotite-tourmaline series strongly depletes 
Be within residual melt as Be is strongly compatible in cordierite (Evenson and 
London, 2002).  Due to this depletion, Be is not expected to be associated with 
the evolved tourmaline granites or present within hydrothermal fluids exsolving 
from these granites.  Beryllium is not strongly enriched within topaz granites, 
fitting with the lack of descriptions or observations of Be-rich minerals in these 
granites and associated aplites and pegmatites.  
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Tin and W show similar behaviour in the three granite suites.  In both the biotite-
muscovite and biotite-tourmaline granites, Sn and W increase with fractionation.  
In the evolved muscovite granites, these metals are hosted within muscovite 
micas.  Muscovite is late-stage magmatic / subsolidus implying that metals 
concentrating in muscovite may be partitioned into melts exsolving from cooling 
muscovite or biotite granites, rather than forming disseminated magmatic 
mineralisation.  Muscovite granites are spatially associated with Sn-W greisen 
deposits in the region.  If muscovite is also the dominant host for Sn and W 
within the source, this implies that these metals will partition into melt at the 
earliest stages of crustal melting and are therefore more likely to be associated 
with earlier melts in SW England. 
Within the biotite-tourmaline granite series, tourmaline is the dominant late-
stage magmatic mineral rather than muscovite, although accessory muscovite 
is still present.  Tourmaline is not a major host of any critical metals in the more 
evolved tourmaline granites, although it does contain limited Ga and In (Chapter 
Six).  Both Sn and W are dominantly hosted within Li-rich micas in tourmaline 
granites which may be readily broken down on the ingress of hydrothermal 
fluids.  This implies that Sn and W are not preferentially enriched with boron-rich 
melts that are presumably remaining towards the later stages of crystallisation.  
This is in part supported by experimental work (Manning and Henderson, 1984) 
demonstrating that in the presence of a B-rich fluid, W is preferentially retained 
in late-stage melts rather than partitioning into hydrothermal fluids exsolving 
from cooling granitic bodies. 
Indium increases with fractionation in the biotite-muscovite and biotite-
tourmaline granite series.  Like Sn and W, In is hosted within muscovite in the 
muscovite granites implying that In is incompatible in this fractionation trend and 
may be available for partitioning into hydrothermal fluids exsolving from these 
granites.  Within the biotite-tourmaline granites, In also increases, like Sn and W 
but is partitioned between Li-rich micas and tourmaline.  Principal Component 
Analysis (Chapter Seven) indicates that In may be associated with a sulphide 
accessory assemblage in the tourmaline granites due to strong association with 
As and Bi. 
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Niobium and Ta show similar behaviour within the biotite-muscovite and biotite-
tourmaline granites.  Within evolved muscovite granites, Nb and Ta are hosted 
within muscovite, and biotite group minerals if present.  As muscovite is late-
stage and biotite group minerals will readily undergo breakdown on ingress of 
hydrothermal fluids, this may provide favourable for partitioning into 
hydrothermal fluids associated with evolved muscovite granites.  Greisen 
deposits are associated with increased F and the presence of topaz; F-rich 
fluids promote the transport of high field strength elements (HFSE) such as Nb 
and Ta (Keppler, 1993). 
Both Nb and Ta increase with granite fractionation in the biotite-tourmaline 
trend.  However, in the evolved tourmaline granites, the distribution of Nb and 
Ta is controlled by accessory minerals such as rutile and columbite, implying 
limited partitioning of these metals into fluids exsolving from the cooling granitic 
melts.  This is again controlled by F, as tourmaline granites evolved towards 
high-F, promoting the retention of Nb and Ta within the melt until sufficient Nb 
and / or Ta is present to crystallise minerals such as columbite and tantalite. 
Indium, Sn, Nb, Ta and W all show similar behaviour in topaz granites.  Topaz 
granites evolve also towards high-F contents, promoting the transport of HFSE 
in fluids.  High-F fluids are effective transporters of HFSE such as In, Sn, Nb, Ta 
and W and are characterised by the occurrence of disseminated magmatic 
mineralisation.  Fluorine contents are higher in the topaz granites compared to 
the all other granite types (e.g. Stone, 1992).  The distribution of Nb, Ta, In, Sn 
and W is controlled by accessory minerals including cassiterite and columbite, 
as in the tourmaline granites for Nb and Ta.  As these metals are entrained 
within disseminated magmatic mineralisation, limited partitioning into fluids 
exsolving from topaz granites is expected and significant critical metal-rich 
mineralisation is not expected to be associated with fluids exsolving from topaz 
granites.  As topaz granites are currently important for the kaolin extraction 
operations in the St. Austell region, disseminated magmatic mineralisation may 
represent a beneficial by-product of kaolin extraction. 
It is apparent from this study that Ge and Sb are not enriched in the granites 
and show no trends associated with granite fractionation.  Any Ge and / or Sb 
mineralisation in the region is therefore not expected to be granite derived.  
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Gallium shows limited trends within the major minerals across all granite types 
and is often distributed fairly evenly between the major minerals in the different 
granite types (Chapter Six).  This may prove favourable for mineralisation as 
feldspars and micas readily undergo alteration on ingress of hydrothermal 
fluids, potentially releasing Ga to a hydrothermal fluid, but no conclusions can 
be drawn from this study on the distribution of Ga in the mineralisation in SW 
England (Figure 9.1). 
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Figure 9.1.  Summary schematic diagram resolving the aims of this study (less analytical 
methods).  The processes controlling critical metal distribution (partial melting and fractional 
crystallisation) are summarised along with mineralogical distribution of the critical metals.  The 
mantle involvement is considered along with the tectonic setting of the granites and implications 
for mineral deposits. Qtz – quartz; Plag – plagioclase, An – anorthite; Kfld – alkali feldspar; Bt – 
biotite group (trioctahedral) micas; Tur – tourmaline; Msc – muscovite; Crd – cordierite; Zrc – 
zircon, Mon – monazite; Ap – apatite; Ilm – ilmenite; Rt – rutile; (Nb-)Rt – Nb-rich rutile; Tz – 
topaz; Acc – accessory mineral; ↑ - increasing; ↓ - decreasing; T – temperature; P – pressure; 
MME – mafic microgranular enclave; LILE – large ion lithophile element (e.g. Sr, Ba, Rb) ; 
HFSE – high field strength element (e.g. Nb, U, Ta); Bt-Msc – biotite-muscovite granite series; 
Bt-Tur – biotite-tourmaline granite series. 
9.3. Comparison of this study to other localities 
The biotite-muscovite, biotite-tourmaline and topaz granite series have 
similarities with granite suites elsewhere.  Biotite-muscovite granites are 
mineralogically similar to the two-mica granites (MPG) and biotite-tourmaline 
granite similar to biotite-cordierite granites (CPG) of Barbarin (1996).  Biotite-
muscovite and CPG may form from the same source region but cannot be 
formed from each other by fractionation.  Overall, CPG form from a high 
temperature but lower pressure compared to MPG; both are derived from a 
sedimentary source. 
A sedimentary (greywacke) source for the Cornubian Batholith is consistent with 
other granites associated with critical metal mineralisation such as the Variscan 
Montes de Toledo Batholith, Spain (Martínez et al., 2014) and Variscan granites 
of the Massif Central, France (Marignac and Cuney, 1999).  The former Spanish 
example describes biotite-muscovite (e.g. MPG) and biotite-cordierite (e.g. 
CPG) granites.  The Mount Pleasant deposit, Canada and the Toyoha Deposit, 
Japan are In-rich deposits associated with metaluminous granites.  The granites 
associated with these deposits are much more strongly enriched in In relative to 
the Cornubian Batholith, but the granites are oxidised, metaluminous and 
derived from metaigneous source rocks (Taylor, 1992; Ishihara et al., 2006). 
Analysis of metasedimentary rocks from SW England indicate that abundances 
of Be, Ga, Ge, Sn, Sb, Nb, and Ta are not enriched relative to average 
continental crustal values (Taylor and McLennan, 1985).  Lithium and Bi are 
slightly enriched whereas In appears depleted, although there are few analyses 
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of In in sedimentary for comparison.  Mineralised granites can often occur from 
unenriched sources as the metals of interest tend to be incompatible and 
therefore progressively increased with granite fractionation.  Fractional 
crystallisation is enhanced by the presence of fluxing elements (e.g. Li, B, P, F), 
high K, shallow crustal settings and high temperatures (e.g. Ĉernŷ et al., 2005), 
all of which are characteristics of the granites of SW England.   
Other localities with peraluminous granites and critical metal mineralisation such 
as the Variscan granites of the Erzegebirge, Germany and the Jingnan granites, 
Dahutang area, China, have also formed from relatively unenriched sources but 
enrichment of critical metals (Li, Sn, W, Ta, Nb, Bi) has been enhanced by the 
presence of fluxing elements (e.g. Breiter, 2012; Huang and Jiang, 2014).  The 
Variscan Carrazeda de Ansiães granites, Portugal formed from heterogeneous 
metapelites, but like the Cornubian Batholith formed from a source relatively 
unenriched in Sn and W, but fractional crystallisation with the presence of F and 
B was sufficient to increase critical metals in the granites prior to exsolution of 
Sn-bearing hydrothermal fluids (Teixeira et al., 2012). These examples all have 
similarities with the Cornubian Batholith, from similar sources and processes 
occurring to enrich metals, with similar geochemical trends, mineralogy and 
mineral chemistry. 
The topaz granites are most similar to descriptions of rare metal granite (RMG).  
Peraluminous RMG are characterised by the presence of extreme enrichment 
of Li, B, F, P, Rb, Cs, Be, Nb, Ta, Sn and W and extremely low REE and Zr with 
a mineralogy dominated Li-rich micas, such as polylithionite, and plagioclase 
occurring as almost pure albite.  There are several global analogues for the 
topaz granites including the Variscan Beauvoir Granite, Massif Central, France, 
(Cuney and Barbey, 2014), the Variscan Podlesí Stock, Czech Republic (e.g. 
Breiter et al., 1997) and the Yichun granites of SE China (e.g. Melkasmi et al., 
2000). 
9.4. Recommendations for further studies 
This project opens several avenues worthy of further investigation.  Given the 
lack of analyses of critical metals in major silicate minerals, something this 
study resolved to some extent, the accessory minerals have been almost 
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entirely neglected, with the exception of Nb, Ta, W and Sn in minerals such as 
rutile (Scott et al., 1998; Müller and Halls, 2005).  Further LA-ICP-MS work 
could help constrain the distribution of the critical metals in granite accessory 
minerals (e.g. cordierite, rutile, ilmenite, apatite, zircon, andalusite) along with 
Be and Ge in the major minerals which were not looked at during this study to 
provide a complete picture of the distribution of the critical metals in the 
granites. 
Geochemical models (Chapters Seven and Eight) would benefit from F and B 
analysis.  As these elements, particularly F, appear to be key in controlling the 
behaviour of elements such as Nb, Ta, Sn, W and to some extent In (Chapter 
Six) (Keppler, 1993; Linnen, 1998), whole rock analysis would be beneficial for 
the models and would provide valuable new information on the behaviour of In 
which has been entirely neglected in previous studies. 
A detailed fluid and melt inclusion study would be beneficial for SW England.  
Descriptions of the fluids inclusions indicate that the older and younger biotite 
granites have inclusions that show different characteristics (e.g. Alderton and 
Harmon, 1991) and these inclusions would benefit from laser analysis of their 
composition.  Fluid and melt inclusions in quartz have been shown to effectively 
assess compositions of mineralising fluids and residual melt (e.g. Webster et 
al., 1997; Müller et al., 2006b).  The globular quartz tourmaline granites have 
numerous fluid inclusions in quartz (Chapter Five) and given that tourmaline 
granites represent the most evolved granites in the biotite-tourmaline series, it 
would be interesting to see the character of the inclusions in granites thought to 
be the magmatic precursors for mineralisation.   
Ultimately, experimental studies of the partitioning of In, Ge, Sn and W are 
required as geochemical models (Chapter Eight) have been implemented using 
assumptions from mineral chemistry.  Very little is known about the partitioning 
of these elements during partial melting and whilst it may not be possible to 
determine this in SW England, a study of the abundance of and distribution of 
the critical metals in migmatite zones in the style of Bea et al. (1994) would go 
some way to resolving critical metal partitioning during melting processes. 
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APPENDIX 1 
Sample summary 
ID Sample location Grid reference Pluton Rock type 
SC01 Carnew Point, St. Agnes SV 87474 07930 Isles of Scilly Coarse-grained small phenocryst biotite granite (CGGSP) 
SC02 Horse Point, St. Agnes SV 88307 07163 Isles of Scilly Coarse-grained small phenocryst biotite granite (CGGSP) 
SC03 Porth Coose, St. Agnes SV 8765 0885 Isles of Scilly Coarse-grained small phenocryst biotite granite (CGGSP) 
SC04 Porth Morran, St. Martain’s SV 91956 16746 Isles of Scilly Fine-grained biotite granite (FGG) 
SC05 Porth Seal, St. Martain’s SV 91917 16882 Isles of Scilly Coarse-grained small phenocryst biotite granite (CGGSP) 
SC06 New Grimsby, Tresco SV 8850 1545 Isles of Scilly Fine-grained biotite granite (FGG) 
SC07 Near New Grimsby, Tresco SV 8840 1565 Isles of Scilly Medium-grained biotite granite (MGG) 
LE01 Lamorna Quarry (disused) SW 4515 2425 Land’s End Coarse-grained porphyritic biotite granite (CGGP) 
LE02 Lamorna Quarry (disused) SW 4515 2425 Land’s End Coarse-grained porphyritic biotite granite (CGGP) 
LE03 Castallack Quarry (disused) SW 4467 2535 Land’s End Coarse-grained porphyritic biotite granite (CGGP) 
LE04 Carn Dean Quarry (disused) SW 3864 2885 Land’s End Globular quartz granite (GQ) 
LE05 Carn Dean Quarry (disused SW 3864 2885 Land’s End Globular quartz granite (GQ) 
LE06 Carfury Quarry (disused) SW 4449 3400 Land’s End Coarse-grained porphyritic biotite granite (CGGP) 
LE07 Castle-an-Dinas Quarry (working) SW 4864 3477 Land’s End Muscovite granite (Msc) 
LE08 Castle-an-Dinas Quarry (working) SW 4864 3477 Land’s End Muscovite granite (Msc) 
LE09 Castle-an-Dinas Quarry (working) SW 4864 3477 Land’s End Muscovite granite (Msc) 
LE10 Near Rosevale Mine SW 4585 3799 Land’s End Coarse-grained porphyritic biotite granite (CGGP) 
LE11 Nanjizal SW 35785 23624 Land’s End Coarse-grained porphyritic biotite granite (CGGP) 
227 J1
+ 
Sennen
+ 
SW 35344 25439 Land’s End Mafic enclave (MME) 
CW37* Pellitras Point SW 36441 21844 Land’s End Coarse-grained porphyritic biotite granite (CGGP) 
CW35* Pellitras Point SW 36441 21845 Land’s End Medium-grained biotite granite (MGG) 
CW33* Pellitras Point SW 36441 21846 Land’s End Fine-grained biotite granite (FGG) 
CW01* Pellitras Point SW 35491 32088 Land’s End Lithium-mica granite (LiM) 
CW13* Porth Ledden SW 35491 32088 Land’s End Fine-grained biotite granite (FGG) 
CW09* Porth Ledden SW 35491 32088 Land’s End Coarse-grained porphyritic biotite granite (CGGP) 
CW70* Porthmeor SW 42812 37981 Land’s End Coarse-grained porphyritic biotite granite (CGGP) 
CW68* Porthmeor SW 42812 37982 Land’s End Lithium-mica granite (LiM) 
CW71* Porthmeor SW 42812 37984 Land’s End Fine-grained tourmaline granite (EQ) 
3
2
1
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ID Sample location Grid reference Pluton Rock type 
GD01 Godolphin Hill SW 59243 31271 Godolphin Fine-grained biotite granite (FGG) 
TR01 Tregonning Hill SW 59904 30074 Tregonning Fine-grained biotite granite (FGG) 
TR02 Megiliggar Rocks SW 60840 26709 Tregonning Topaz granite (Tz) 
TR03 Rinsey Cove SW 59531 26689 Tregonning Topaz granite (Tz) 
TR04 Megiliggar Rocks SW 60840 26709 Tregonning Topaz granite (Tz) 
OT06 Megliggar Rocks SW 60834 26713 Tregonning Aplite 
CN01 Burras Quarry (disused) SW 6822 3487 Carnmenellis Medium-grained biotite granite (MGG) 
CN02 Goodygrane Quarry (disused) SW 7437 3230 Carnmenellis Coarse-grained small phenocryst biotite granite (CGGSP) 
CN03 Goodygrane Quarry (disused) SW 7431 3219 Carnmenellis Coarse-grained small phenocryst biotite granite (CGGSP) 
CN04 Job’s Water Quarry (disused) SW 73488 31712 Carnmenellis Coarse-grained small phenocryst biotite granite (CGGSP) 
CN05 Job’s Water Quarry (disused) SW 73488 31712 Carnmenellis Coarse-grained small phenocryst biotite granite (CGGSP) 
CN08 Carnsew Quarry (working) SW 75821 34529 Carnmenellis Medium-grained biotite granite (MGG) 
CN09 Carnsew Quarry (working) SW 75821 34529 Carnmenellis Medium-grained biotite granite (MGG) 
CN10 Carnsew Quarry (working) SW 75779 34405 Carnmenellis Medium-grained biotite granite (MGG) 
CN11 Stithians Dam Quarry (disused) SW 72185 36182 Carnmenellis Medium-grained biotite granite (MGG) 
CN12 Stithians Dam Quarry (disused) SW 72197 36168 Carnmenellis Medium-grained biotite granite (MGG) 
CN13 Kennel Vale SW 74996 37335 Carnmenellis Medium-grained biotite granite (MGG) 
CN14 Holmans Test Mine SW 65648 36664 Carnmenellis Coarse-grained small phenocryst biotite granite (CGGSP) 
CN15 Holmans Test Mine SW 65641 36660 Carnmenellis Coarse-grained small phenocryst biotite granite (CGGSP) 
CN16 Holmans Test Mine SW 65641 36660 Carnmenellis Coarse-grained small phenocryst biotite granite (CGGSP) - altered 
CN17 Near Poldark Mine SW 6823 3153 Carnmenellis Coarse-grained small phenocryst biotite granite (CGGSP) 
CB01 Carn Brea Hill SW 6815 4070 Carn Brea Coarse-grained small phenocryst biotite granite (CGGSP) 
CB02 Great Condurrow mine waste tip SW 65903 39234 Carn Brea Coarse-grained small phenocryst biotite granite (CGGSP) 
CB03 Great Condurrow mine waste tip SW 65903 39234 Carn Brea Coarse-grained small phenocryst biotite granite (CGGSP) 
OT02 Great Condurrow mine waste tip SW 35903 39234 Carn Brea Coarse-grained small phenocryst biotite granite (CGGSP) - altered 
OT03 Great Condurrow mine waste tip SW 35903 39234 Carn Brea Elvan 
CM01 Bottom Carn Marth Quarry (disused) SW 7149 4072 Carn Marth Muscovite granite (Msc) 
CM02 Top Carn Marth Quarry (disused) SW 7155 4071 Carn Marth Muscovite granite (Msc) 
SA01 Cameron Quarry (disused) SW 70395 50649 St. Agnes Coarse-grained porphyritic biotite granite (CGGP) - altered 
SA02 Cameron Quarry (disused) SW 70395 50649 St. Agnes Coarse-grained porphyritic biotite granite (CGGP) - altered 
CL01 Cligga (beach level) SW 73798 53564 Cligga Muscovite granite (Msc) 
CL02 Cligga (beach level) SW 73798 53564 Cligga Muscovite granite (Msc) 
AU01 Fraddon Downs SW 91856 57835 St. Austell Fine-grained biotite granite (FGG) - altered 
AU02 Tresayes Downs SW 99483 58907 St. Austell Coarse-grained porphyritic biotite granite (CGGP) 
3
2
2
 
323 
 
ID Sample location Grid reference Pluton Rock type 
AU03 Great Carclaze Pit (disused) SX 0299 5522 St. Austell Lithium mica granite (LiM) 
AU04 Great Carclaze Pit (disused) SX 0305 5551 St. Austell Lithium mica granite (LiM) 
AU05 Trelavour Downs Pit (drill core) SW 96046 57042 St. Austell Globular quartz granite (GQ) - altered 
AU06 Goonvean Pit (drill core) SW 94761 55486 St. Austell Topaz granite (Tz) 
AU07 Karlskae Pit (working) SW 97994 57300 St. Austell Equigranular tourmaline granite (EQ) 
AU08 Karslake Pit (drill core) SW 98290 57456 St. Austell Globular quartz granite (GQ) 
AU09 Karslake Pit (drill core) SW 98567 57542 St. Austell Globular quartz granite (GQ) 
AU10 Blackpool Pit (drill core) SW 98387 54558 St. Austell Globular quartz granite (GQ) 
AU11 Melbur Pit (drill core) SW 92376 55691 St. Austell Globular quartz granite (GQ) 
AU12 Littlejohn Pit (drill core) SW 98635 56832 St. Austell Equigranular tourmaline granite (EQ) 
AU13 Goonbarrow Pit (disused) SX 00952 58481 St. Austell Coarse-grained porphyritic biotite granite (CGGP) 
AU14 Carslake Pit (disused) SX 02483 54878 St. Austell Lithium mica granite (LiM) 
AU15 Treviscoe Pit (working) SW 94751 55907 St. Austell Topaz granite (Tz) 
AU16 Treviscoe Pit (working) SW 94751 55907 St. Austell Topaz granite (Tz) 
AU17 Treviscoe Pit (working) SW 94751 55907 St. Austell Topaz granite (Tz) 
AU18 Treliver concealed granite (drill core) SW 91778 60843 St. Austell Coarse-grained porphyritic biotite granite (CGGP) 
AU19 Treliver concealed granite (drill core) SW 91778 60843 St. Austell Coarse-grained porphyritic biotite granite (CGGP) 
LUX1** Luxulyan Quarry** SX 05340 58851 St. Austell Coarse-grained porphyritic biotite granite (CGGP) 
BD01 Cheesewring Quarry (disused) SX 25878 72395 Bodmin Coarse-grained small phenocryst biotite granite (CGGSP) 
BD02 Cheesewring Quarry (disused) SX 25845 72346 Bodmin Coarse-grained small phenocryst biotite granite (CGGSP) 
BD03 Craddock Moor Quarry (disused) SX 24924 72408 Bodmin Coarse-grained small phenocryst biotite granite (CGGSP) 
BD04 Craddock Moor Quarry (disused) SX 24924 72408 Bodmin Coarse-grained small phenocryst biotite granite (CGGSP) 
BD05 De Lank Quarry (working) SX 10090 75460 Bodmin Coarse-grained small phenocryst biotite granite (CGGSP) 
BD06 De Lank Quarry (working) SX 10090 75460 Bodmin Coarse-grained small phenocryst biotite granite (CGGSP) 
BD07 Brown Willy SX 15280 80510 Bodmin Coarse-grained small phenocryst biotite granite (CGGSP) 
BD08 Rough Tor SX 14572 80797 Bodmin Coarse-grained small phenocryst biotite granite (CGGSP) 
237B
+ 
De Lank Quarry
 
SX 10090 75460 Bodmin Fine-grained biotite granite (FGG) (enclave) 
KT01 Kit Hill Quarry (disused) SX 37461 71799 Kit Hill Muscovite granite (Msc) 
HD01 Hingston Down Quarry (working) SX 40983 71663 Hingston Down Muscovite granite (Msc) 
HD02 Hingston Down Quarry (working) SX 40983 71664 Hingston Down Elvan 
HD03 Hingston Down Quarry (working) SX 41202 71694 Hingston Down Elvan 
DT01 Burrator SX 55748 68043 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT02 Burrator SX 55075 68014 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
3
2
3
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ID Sample location Grid reference Pluton Rock type 
DT03 Ivybridge Quarry (disused) SX 65396 57563 Dartmoor Globular quartz granite (GQ) 
DT04 Ivybridge Quarry (disused) SX 65396 57563 Dartmoor Globular quartz granite (GQ) 
DT05 Ivybridge Quarry (disused) SX 65415 57539 Dartmoor Globular quartz granite (GQ) 
DT06 Little Staple Tor Quarry (disused) SX 54084 75344 Dartmoor Medium-grained biotite granite (MGG) 
DT07 Little Staple Tor Quarry (disused) SX 54056 75356 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT08 Sweltor Quarry (disused) SX 55932 73351 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT09 Sweltor Quarry (disused) SX 55895 73301 Dartmoor Tourmaline microgranite (TM) 
DT10 Princetown SX 58112 73203 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT11 Ingra Tor Quarry (disused) SX 55553 72149 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT12 Birch Tor SX 68429 81527 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT13 Shapitor Quarry (disused) SX 55837 70433 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT14 Shapitor SX 55837 70433 Dartmoor Globular quartz granite (GQ) 
DT15 Haytor Quarry (disused) SX 76096 77541 Dartmoor Medium-grained biotite granite (MGG) 
DT16 Haytor Quarry (disused) SX 75943 77460 Dartmoor Medium-grained biotite granite (MGG) 
DT17 Wittaburrow SX 73269 75370 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT18 Blackslade Ford SX 73657 75185 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT19 Saddle Tor Quarry (disused) SX 75118 76910 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT20 Saddle Tor Quarry (disused) SX 75118 76910 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT21 Hemerdon (drill core) SX 57232 58400 Hemerdon Muscovite granite (Msc) 
DT22 Yes Tor SX 56354 90510 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT23 Yes Tor SX 56473 90538 Dartmoor Tourmaline microgranite (TM)  
DT24 Belstone Common SX 61465 92636 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
DT25 Belstone Common SX 61465 92636 Dartmoor Coarse-grained porphyritic biotite granite (CGGP) 
OT05 Meldon SX 57059 92654 Dartmoor Aplite 
222 J1B Birch Tor
+ 
SX 68429 81527 Dartmoor Mafic Enclave (MME) 
EV03 Neopardy SX 79397 98880 N/A Rhyolite (R) 
EV09 Newton St Cyres Golf Course SX 88278 99995 N/A Crediton Breccia Formation rhyolite clast (R) 
HB01
**
 Holywell Bay SW 76768 59749 N/A Minette lamprophyre (L) 
PD02
**
 Pendennis SW 8275 3152 N/A Minette lamprophyre (L) 
MW02
**
 Mawnan Smith SW 7912 2728 N/A Minette lamprophyre (L) 
MW06
** 
Mawnan Smith SW 7912 2728 N/A Minette lamprophyre (L) 
LEM Lemail SX 02274 73004 N/A Lamprophyre (L) 
EV01 Posbury Clump Quarry (disused) SX 81531 97919 N/A Exeter Volcanics - Olivine basalt (B) 
EV02 Posbury Clump Quarry (disused) SX 81531 97919 N/A Exeter Volcanics - Olivine basalt (B) 
3
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ID Sample location Grid reference Pluton Rock type 
EV04 Knowle Hill Quarry (disused) SS 78932 02200 N/A Exeter Volcanics – Lamproitic lava (L) 
EV05 Knowle Hill Quarry (disused) SS 78905 02216 N/A Exeter Volcanics – Lamproitic lava (L) 
EV06 Knowle Hill Quarry (disused) SS 78972 02239 N/A Exeter Volcanics – Lamproitic lava (L) 
EV07 Killerton Quarry (disused) SS 97518 00452 N/A Exeter Volcanics - Minette lamprophyre (L) 
EV08 Raddon Quarry (disused) SS 91045 02016 N/A Exeter Volcanics - Olivine basalt (B) 
GG6
++ 
Portgiskey SX 018 462 N/A Porthscatho Formation (MS) 
GG15
++
 Polstreath Beach SX 017 452 N/A Porthscatho Formation (MS) 
GG28
++
 Portmellon Cove SX 020 437 N/A Porthscatho Formation (MS) 
GG44
++
 Pendower Hotel SW 894 379 N/A Porthscatho Formation (MS) 
 
* Axel Müller’s samples, Natural History Museum 
**Camborne School of Mines Collection 
+
James Stimac’s samples, c/o Robin Shail, Camborne School of Mines. 
++
Fiona Darbyshire’s samples, c/o Ben Willamson, Camborne School of Mines. 
AU05-AU07 provided by Frank Hart of Goovean Holding Ltd. (now part of  Imerys Minerals Ltd); AU08-AU12 provided by Ben Thompson, Imerys 
Minerals Ltd; AU17-18 provided by Alex King, Treliver Minerals; Sample DT21 provided by Richard Scrivener, Wolf Minerals Ltd. 
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APPENDIX 2 
Electron microprobe major element chemistry for major minerals 
Plagioclase 
Sample CM02 LE04 LE08 AU06 
EPMA code cm02_5  cm02_21  cm02_22  cm02_34  cm02_35  LE04_25  LE04_26  LE04_27  LE08_17  LE08_24  LE08_29  LE08_30  AU06_1  
SiO2 68.520 68.250 67.040 67.480 67.820 68.720 68.610 68.600 68.680 67.800 68.650 68.770 67.370 
Al2O3 19.480 19.960 20.730 20.750 20.460 19.660 19.820 19.780 20.100 20.170 19.250 19.840 19.440 
CaO 0.329 0.246 0.803 0.940 0.530 0.235 0.342 0.052 0.531 0.491 0.148 0.267 0.035 
Na2O 11.320 11.520 11.230 10.890 11.120 11.570 10.930 11.940 11.340 11.310 11.990 11.640 11.670 
K2O 0.095 0.187 0.314 0.239 0.282 0.179 0.190 0.129 0.192 0.234 0.040 0.060 0.177 
Total 99.744 100.163 100.116 100.299 100.212 100.364 99.892 100.501 100.843 100.005 100.078 100.577 98.692 
Or 0.54 1.04 1.74 1.36 1.60 0.99 1.11 0.70 1.08 1.31 0.21 0.33 0.99 
Ab 97.89 97.80 94.53 94.15 95.87 97.90 97.21 99.06 96.43 96.38 99.11 98.42 98.85 
An 1.57 1.15 3.73 4.49 2.52 1.10 1.68 0.24 2.50 2.31 0.68 1.25 0.16 
 
Sample AU06 KT01 CN09 
EPMA code AU06_9  AU06_24  AU06_35  AU06_39  AU06_40  KT01_10  KT01_11  KT01_22  KT01_33  CN09_25  CN09_26  CN09_30  CN09_31  
SiO2 67.010 67.040 67.850 67.660 67.390 66.430 68.120 66.380 66.870 65.840 66.020 65.320 65.670 
Al2O3 19.770 20.090 19.940 20.090 20.050 20.700 19.720 20.950 20.060 21.550 21.650 21.670 22.090 
CaO 0.085 0.598 0.052 0.264 0.107 0.903 0.417 1.630 0.789 2.230 2.320 2.860 2.260 
Na2O 11.600 11.150 11.550 11.560 11.670 10.670 11.310 10.540 10.880 10.350 10.200 9.740 10.100 
K2O 0.118 0.171 0.232 0.122 0.171 0.454 0.085 0.363 0.139 0.329 0.456 0.474 0.413 
Total 98.583 99.049 99.624 99.696 99.388 99.156 99.652 99.863 98.737 100.299 100.646 100.064 100.533 
Or 0.66 0.97 1.30 0.68 0.95 2.60 0.48 2.05 0.80 1.83 2.55 2.68 2.34 
Ab 98.94 96.18 98.45 98.08 98.55 93.05 97.53 90.24 95.38 87.72 86.57 83.73 86.91 
An 0.40 2.85 0.25 1.24 0.50 4.35 1.99 7.71 3.82 10.44 10.88 13.59 10.75 
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Plagioclase continued 
Sample DT03 CL02 LE02 - Enclave 
EPMA code DT03_10  DT03_26  DT03_31  DT03_35  CL02_8  CL02_9  CL02_10  CL02_32  CL02_33  LE01B_19  LE01B_20  LE01B_21  LE01B_22  
SiO2 68.540 68.300 68.020 67.080 65.360 65.340 65.660 68.790 68.560 60.930 61.550 62.060 62.040 
Al2O3 19.840 19.760 19.870 20.790 21.090 21.480 21.610 19.570 19.620 24.770 24.060 24.380 24.450 
CaO 0.442 0.278 0.461 0.268 2.170 2.280 2.170 0.060 0.060 5.830 5.360 5.070 5.340 
Na2O 11.500 11.390 11.520 10.400 10.150 10.220 10.230 11.700 11.640 8.090 8.320 8.560 8.530 
K2O 0.067 0.082 0.086 0.887 0.371 0.229 0.279 0.095 0.107 0.160 0.189 0.213 0.138 
Total 100.389 99.810 99.957 99.425 99.141 99.549 99.949 100.215 99.986 99.780 99.479 100.283 100.498 
Or 0.37 0.46 0.48 5.25 2.10 1.29 1.58 0.53 0.60 0.92 1.09 1.22 0.79 
Ab 97.55 98.21 97.37 93.42 87.55 87.87 88.09 99.19 99.12 70.86 72.94 74.42 73.71 
An 2.07 1.32 2.15 1.33 10.34 10.83 10.33 0.28 0.28 28.22 25.97 24.36 25.50 
 
Sample LE01 - E LE01 - Granite BD04 AU04 
EPMA code LE01B_27  LE01B_35  LE01B_36  LE01B_37  BD04_8  BD04_9  BD04_32  BD04_33  BD04_34  AU04_12  AU04_13  AU04_14  AU04_21  
SiO2 60.190 69.590 67.640 68.060 63.060 62.520 62.490 63.670 63.720 67.760 68.280 67.640 68.600 
Al2O3 25.670 19.950 20.570 19.850 23.800 23.640 23.850 23.040 22.630 19.330 19.470 19.860 19.920 
CaO 6.620 0.457 0.772 0.587 4.400 4.170 4.470 3.690 3.200 0.068 0.266 0.662 0.348 
Na2O 7.690 11.350 10.670 11.050 8.980 9.060 8.980 9.390 9.550 11.380 11.440 11.270 11.470 
K2O 0.118 0.081 0.435 0.149 0.215 0.326 0.279 0.261 0.308 0.232 0.292 0.149 0.143 
Total 100.288 101.428 100.087 99.696 100.455 99.716 100.069 100.051 99.408 98.770 99.748 99.581 100.481 
Or 0.68 0.46 2.51 0.85 1.22 1.85 1.58 1.48 1.76 1.32 1.63 0.84 0.80 
Ab 67.30 97.38 93.74 96.32 77.73 78.25 77.19 80.94 82.89 98.36 97.12 96.05 97.56 
An 32.02 2.17 3.75 2.83 21.05 19.90 21.23 17.58 15.35 0.33 1.25 3.12 1.64 
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Plagioclase continued 
Sample AU04 AU12 DT07 
EPMA code AU04_23  AU04_3  AU12_2  AU12_16  AU12_24  AU12_25  AU12_32  AU12_33  DT07_22  DT07_32  DT07_33  DT07_36  
SiO2 68.600 67.970 69.330 68.350 68.600 67.710 68.860 68.810 66.540 67.940 65.750 66.390 
Al2O3 19.900 19.800 19.810 19.800 20.020 19.540 19.640 19.930 20.490 19.880 20.980 20.560 
CaO 0.292 0.149 0.192 0.030 0.344 0.149 0.037 0.239 1.015 0.226 0.975 0.864 
Na2O 11.240 11.410 11.640 11.810 11.580 11.570 11.330 11.550 10.840 11.330 10.480 10.750 
K2O 0.498 0.278 0.113 0.115 0.131 0.171 0.112 0.119 0.274 0.231 0.546 0.340 
Total 100.53 99.61 101.09 100.10 100.68 99.14 99.98 100.65 99.16 99.61 98.73 98.90 
Or 2.79 1.57 0.63 0.63 0.73 0.95 0.65 0.67 1.56 1.31 3.16 1.95 
Ab 95.83 97.73 98.47 99.23 97.67 98.34 99.17 98.21 93.60 97.62 92.11 93.88 
An 1.37 0.70 0.90 0.14 1.61 0.70 0.18 1.12 4.84 1.07 4.73 4.17 
 
Alkali feldspar 
Sample AU06 KT01 CN09 
EPMA code AU06_2  AU06_7  AU06_23  AU06_26  AU06_34  AU06_38  KT01_16  KT01_17  KT01_19  KT01_23  CN09_11  CN09_22  CN09_33  
SiO2 63.690 63.950 64.540 64.340 64.390 64.640 64.670 65.080 64.470 63.760 65.060 65.760 65.770 
Al2O3 18.610 18.470 18.810 18.910 18.730 18.800 18.830 18.720 18.700 18.990 18.870 18.860 18.720 
CaO 
     
  
   
  
  
  
Na2O 0.721 0.703 1.030 0.694 0.886 0.872 0.598 0.289 1.023 1.111 0.997 1.680 1.420 
K2O 16.170 16.010 15.630 16.130 15.870 15.900 16.230 16.820 15.730 15.570 15.990 14.910 15.340 
Total 99.191 99.133 100.010 100.074 99.876 100.212 100.328 100.909 99.923 99.431 100.917 101.210 101.250 
Or 93.66 93.75 90.90 93.86 92.18 92.30 94.70 97.46 91.01 90.21 91.35 85.38 87.67 
Ab 6.34 6.25 9.10 6.14 7.82 7.70 5.30 2.54 8.99 9.79 8.65 14.62 12.33 
An 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Alkali feldspar continued 
Sample DT03 CM02 CN01 
EPMA code DT03_5  DT03_7  DT03_15  DT03_24  cm02_6  cm02_11  cm02_12  cm02_19  cm02_20  cm02_30  cm02_33  cm02_45  CN01_7  
SiO2 64.320 64.520 65.570 65.100 64.140 64.230 64.450 65.120 64.470 64.440 64.950 64.430 63.910 
Al2O3 18.710 18.250 18.690 18.560 18.210 18.510 18.320 18.690 18.830 18.630 18.460 18.720 18.480 
CaO 0.031 0.045  0.057       0.041    
Na2O 0.737 0.755 0.569 0.955 0.299 0.326 0.272 0.914 0.577 0.337 0.636 0.354 0.827 
K2O 16.240 16.170 16.490 15.870 16.670 16.810 16.860 16.160 16.630 17.000 16.550 16.700 15.920 
Total 100.038 99.740 101.319 100.542 99.319 99.876 99.902 100.884 100.507 100.407 100.637 100.204 99.137 
Or 93.41 93.17 95.02 91.37 97.35 97.13 97.61 92.09 94.99 97.08 94.29 96.88 92.69 
Ab 6.44 6.61 4.98 8.36 2.65 2.87 2.39 7.91 5.01 2.92 5.51 3.12 7.31 
An 0.15 0.22 0.00 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00 
 
Sample CN01 LE04 LE08 
EPMA code CN01_19  CN01_26  CN01_32  LE04_9  LE04_10  LE04_20  LE04_21  LE04_31  LE08_7  LE08_14  LE08_15  LE08_16  LE08_23  
SiO2 64.810 63.940 64.120 65.100 65.120 64.120 65.340 64.400 65.240 65.070 64.840 65.290 64.750 
Al2O3 18.540 18.380 18.300 19.020 18.820 18.440 18.590 18.150 18.510 18.490 18.990 18.730 18.880 
CaO 
  
  
  
0.062 
 
  
 
0.027 
  
0.035 
Na2O 0.725 0.890 0.421 0.692 0.854 0.794 0.438 0.617 0.727 0.422 0.710 1.046 0.896 
K2O 16.200 15.870 16.730 16.410 16.250 16.090 16.800 16.540 16.440 16.850 16.440 15.790 16.250 
Total 100.275 99.080 99.571 101.222 101.044 99.506 101.168 99.707 100.917 100.860 100.980 100.856 100.811 
Or 93.63 92.14 96.32 93.98 92.60 92.74 96.19 94.64 93.70 96.21 93.84 90.85 92.11 
Ab 6.37 7.86 3.68 6.02 7.40 6.96 3.81 5.36 6.30 3.66 6.16 9.15 7.72 
An 0.00 0.00 0.00 0.00 0.00 0.30 0.00 0.00 0.00 0.13 0.00 0.00 0.17 
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Alkali feldspar continued 
Sample LE08 CL02 LE01 BD04 
EPMA code LE08_27  LE08_28  CL02_6  CL02_22  CL02_24  CL02_28  CL02_29  LE01B_2  LE01B_3  LE01B_4  LE01B_46  LE01B_48  BD04_12  
SiO2 63.890 64.210 64.580 65.030 64.750 63.730 64.160 64.400 64.960 64.070 64.990 64.930 65.160 
Al2O3 18.750 18.310 18.360 18.540 18.580 18.110 18.740 18.300 18.340 18.640 18.230 18.750 18.750 
CaO 0.048 0.031   0.034  0.086 0.028   0.055    
Na2O 0.468 0.373 0.276 0.397 0.433 0.320 0.257 0.315 0.273 0.280 0.401 0.400 1.041 
K2O 16.820 16.860 16.670 16.800 16.710 16.450 16.640 16.680 16.810 16.710 16.860 16.700 15.900 
Total 99.977 99.783 99.886 100.767 100.507 98.610 99.882 99.723 100.383 99.700 100.536 100.780 100.851 
Or 95.72 96.61 97.55 96.53 96.06 97.13 97.30 97.08 97.59 97.52 96.26 96.48 90.95 
Ab 4.05 3.24 2.45 3.47 3.78 2.87 2.28 2.79 2.41 2.48 3.48 3.52 9.05 
An 0.23 0.15 0.00 0.00 0.16 0.00 0.42 0.14 0.00 0.00 0.26 0.00 0.00 
 
Sample BD04 DT07 
EPMA code BD04_13  BD04_25  BD04_26  BD04_27  BD04_6  BD04_7  BD04_35  BD04_36  BD04_37  DT07_11  DT07_12  DT07_18  DT07_19  
SiO2 65.080 64.180 64.190 64.520 64.620 64.790 64.520 64.370 64.520 64.430 64.290 64.040 63.750 
Al2O3 18.550 18.840 18.840 18.650 18.850 18.870 18.690 18.640 18.540 18.680 18.500 18.150 18.320 
CaO 0.034 
     
0.036 
 
0.042 
  
0.106 
 Na2O 1.235 1.220 0.845 1.129 1.220 1.287 1.077 1.005 0.931 0.836 0.411 0.366 0.519 
K2O 15.620 15.480 16.180 15.670 15.470 15.420 15.750 15.880 15.910 15.760 16.390 16.620 16.350 
Total 100.519 99.720 100.055 99.969 100.160 100.367 100.073 99.895 99.943 99.706 99.591 99.282 98.939 
Or 89.13 89.30 92.65 90.13 89.30 88.75 90.43 91.23 91.64 92.54 96.33 96.26 95.40 
Ab 10.71 10.70 7.35 9.87 10.70 11.25 9.40 8.77 8.15 7.46 3.67 3.22 4.60 
An 0.16 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.20 0.00 0.00 0.52 0.00 
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Alkali feldspar continued 
Sample DT07 AU12 AU04 
EPMA code DT07_31  DT07_35  AU12_3  AU12_4  AU12_9  AU12_10  AU12_12  AU04_4  AU04_25  AU04_26  AU04_27  AU04_31  AU04_37  
SiO2 63.940 64.020 65.090 64.540 65.020 65.020 64.550 64.460 64.490 63.900 63.740 64.640 64.840 
Al2O3 18.490 18.510 18.420 19.070 19.150 19.050 18.970 18.710 18.660 18.520 18.840 19.000 18.900 
CaO               
Na2O 0.515 0.656 0.423 0.754 0.809 0.734 0.857 0.745 0.494 0.492 0.674 0.983 0.766 
K2O 16.420 16.070 16.950 16.300 16.070 16.310 16.080 16.510 16.740 16.840 16.650 16.100 16.600 
Total 99.365 99.256 100.883 100.664 101.049 101.114 100.457 100.425 100.384 99.752 99.904 100.723 101.106 
Or 95.45 94.16 96.34 93.43 92.89 93.60 92.51 93.58 95.71 95.75 94.20 91.51 93.44 
Ab 4.55 5.84 3.66 6.57 7.11 6.40 7.49 6.42 4.29 4.25 5.80 8.49 6.56 
An 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
Lamprophyre feldspar data 
Sample EV07 
EPMA code EV07_4  EV07_5  EV07_6  EV07_7  EV07_18  EV07_19  EV07_21  EV07_22  EV07_23  EV07_24  EV07_29  EV07_30  EV07_4  
SiO2 64.180 64.900 61.830 61.490 62.120 63.700 63.810 64.040 62.080 61.790 62.960 64.230 64.180 
Al2O3 19.260 19.050 20.650 20.520 20.120 18.930 19.030 19.620 20.120 20.740 20.080 18.950 19.260 
CaO 1.029 0.606 1.337 1.292 1.063 1.460 0.474 0.931 1.025 1.630 1.274 0.656 1.029 
Na2O 3.380 3.040 3.580 3.570 3.130 3.470 1.197 3.510 3.540 3.670 3.710 2.870 3.380 
K2O 11.320 12.060 9.500 9.310 10.370 10.980 14.020 10.750 9.620 8.610 9.930 12.120 11.320 
Total 99.169 99.656 96.897 96.182 96.803 98.540 98.531 98.851 96.385 96.440 97.954 98.826 99.169 
Or 65.35 70.16 59.14 58.85 64.73 62.82 86.34 63.74 60.65 55.35 59.68 71.16 65.35 
Ab 29.66 26.88 33.87 34.29 29.69 30.17 11.21 31.63 33.92 35.85 33.89 25.61 29.66 
An 4.99 2.96 6.99 6.86 5.57 7.01 2.45 4.64 5.43 8.80 6.43 3.23 4.99 
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Trioctahedral micas 
Sample CN09 CN01 
EPMA code CN09_1  CN09_3  CN09_4  CN09_18  CN09_19  CN09_20  CN09_44  CN01_1  CN01_5  CN01_6  CN01_12  CN01_15  CN01_18  CN01_34  
SiO2 35.650 36.710 35.920 35.750 35.950 35.450 36.110 35.880 37.150 37.380 35.190 35.970 35.600 36.630 
TiO2 2.660 2.490 2.470 2.560 2.810 3.290 2.720 3.010 2.460 1.940 3.030 2.320 2.390 2.100 
Al2O3 20.180 20.510 20.430 20.720 20.040 19.920 19.710 21.280 21.190 22.220 20.710 20.940 21.500 21.110 
FeO 20.620 20.150 21.970 21.220 19.960 21.720 19.930 21.410 19.750 19.050 21.550 20.070 20.950 18.200 
MnO 0.272 0.282 0.285 0.276 0.298 0.316 0.188 0.427 0.376 0.431 0.454 0.409 0.452 0.420 
MgO 5.100 5.420 5.230 4.960 5.140 4.940 5.310 4.030 3.760 4.110 3.750 4.240 3.690 3.890 
Na2O 0.177 0.191 0.280 0.208 0.257 0.313 0.184 0.143 0.224 0.189 0.244 0.165 0.166 0.269 
K2O 9.390 9.870 9.820 9.660 9.610 9.630 9.680 9.600 9.640 9.850 9.480 9.620 9.620 9.630 
F 0.910 1.130 0.595 0.195   0.419 0.453     0.287   0.453   0.292 
Li2O* 0.645 0.951 0.723 0.674 0.732 0.587 0.778 0.711 1.078 1.145 0.512 0.737 0.630 0.928 
H2O* 3.480 3.471 3.699 3.862 3.925 3.740 3.705 3.976 3.991 3.902 3.894 3.702 3.919 3.773 
Subtotal 99.083 101.175 101.422 100.085 98.722 100.325 98.768 100.467 99.620 100.504 98.813 98.626 98.916 97.327 
O=F 0.383 0.476 0.250 0.082 0.000 0.176 0.191 0.000 0.000 0.121 0.000 0.191 0.000 0.123 
Total 98.700 100.699 101.172 100.003 98.722 100.148 98.577 100.467 99.620 100.383 98.813 98.435 98.916 97.204 
Si 5.465 5.494 5.410 5.421 5.492 5.398 5.524 5.411 5.581 5.551 5.419 5.508 5.447 5.616 
Al iv 2.535 2.506 2.590 2.579 2.508 2.602 2.476 2.589 2.419 2.449 2.581 2.492 2.553 2.384 
Y: Al vi 1.111 1.112 1.036 1.124 1.100 0.972 1.077 1.194 1.333 1.440 1.178 1.286 1.325 1.431 
Ti 0.307 0.280 0.280 0.292 0.323 0.377 0.313 0.342 0.278 0.217 0.351 0.267 0.275 0.242 
Fe 2.644 2.522 2.767 2.691 2.550 2.766 2.550 2.700 2.481 2.366 2.775 2.570 2.681 2.334 
Mn 0.035 0.036 0.036 0.035 0.039 0.041 0.024 0.055 0.048 0.054 0.059 0.053 0.059 0.055 
Mg 1.166 1.209 1.174 1.121 1.171 1.121 1.211 0.906 0.842 0.910 0.861 0.968 0.842 0.889 
Li* 0.398 0.573 0.438 0.411 0.449 0.359 0.478 0.431 0.652 0.684 0.317 0.454 0.388 0.572 
X: Na 0.052 0.056 0.082 0.061 0.076 0.092 0.055 0.042 0.065 0.054 0.073 0.049 0.049 0.080 
K 1.836 1.885 1.887 1.869 1.873 1.871 1.889 1.847 1.848 1.866 1.862 1.879 1.878 1.884 
OH* 3.559 3.465 3.717 3.907 4.000 3.798 3.781 4.000 4.000 3.865 4.000 3.781 4.000 3.859 
F 0.441 0.535 0.283 0.093 0.000 0.202 0.219 0.000 0.000 0.135 0.000 0.219 0.000 0.141 
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Trioctahedral micas continued 
Sample DT07 BD04 
EPMA code DT07_7  DT07_13  DT07_14  DT07_15  DT07_20  DT07_21  DT07_34  DT07_37  BD04_5  BD04_17  BD04_18  BD04_19  BD04_28  BD04_29  
SiO2 35.500 34.820 34.160 35.390 35.240 35.550 35.240 35.010 35.950 35.870 35.580 35.840 36.680 36.770 
TiO2 2.960 2.980 3.070 3.260 3.190 3.150 3.070 3.190 2.280 1.950 2.310 2.550 2.370 2.320 
Al2O3 18.970 18.950 18.840 18.350 18.530 19.080 18.400 18.820 21.170 21.050 21.050 20.530 20.430 20.030 
FeO 23.830 23.600 23.250 22.870 23.240 22.450 23.190 23.200 20.830 20.950 21.110 20.530 20.310 20.680 
MnO 0.554 0.593 0.593 0.570 0.489 0.605 0.622 0.598 0.436 0.428 0.420 0.454 0.457 0.425 
MgO 3.750 3.330 3.640 3.980 3.790 3.650 3.920 3.670 4.080 4.000 3.800 3.930 4.210 4.120 
Na2O 0.108 0.104 0.159 0.100 0.154 0.140  0.128 0.152 0.167 0.251 0.222 0.177 0.173 
K2O 9.470 9.370 9.200 9.590 9.510 9.600 9.510 9.350 9.750 9.410 9.790 9.780 9.640 9.500 
F                 0.654 0.620 0.537 0.560 0.594 0.757 
Li2O* 0.602 0.40 0.21 0.57 0.53 0.62 0.53 0.46 0.73 0.71 0.62 0.70 0.94 0.97 
H2O* 3.880 3.81 3.76 3.84 3.84 3.86 3.83 3.83 3.63 3.61 3.65 3.63 3.67 3.58 
Subtotal 99.623 97.96 96.89 98.52 98.51 98.70 98.31 98.25 99.66 98.77 99.12 98.73 99.48 99.32 
O=F 0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.26 0.23 0.24 0.25 0.32 
Total 99.623 97.96 96.89 98.52 98.51 98.70 98.31 98.25 99.39 98.50 98.90 98.49 99.23 99.00 
Si 5.487 5.483 5.443 5.521 5.506 5.516 5.517 5.483 5.47 5.506 5.464 5.511 5.569 5.602 
Al iv 2.513 2.517 2.557 2.479 2.494 2.484 2.483 2.517 2.53 2.494 2.536 2.489 2.431 2.398 
Y: Al vi 0.943 0.999 0.981 0.894 0.918 1.005 0.913 0.956 1.27 1.314 1.273 1.231 1.224 1.198 
Ti 0.344 0.353 0.368 0.383 0.375 0.368 0.362 0.376 0.26 0.225 0.267 0.295 0.271 0.266 
Fe 3.080 3.108 3.098 2.984 3.037 2.913 3.036 3.039 2.65 2.689 2.711 2.640 2.579 2.635 
Mn 0.073 0.079 0.080 0.075 0.065 0.079 0.082 0.079 0.06 0.056 0.055 0.059 0.059 0.055 
Mg 0.864 0.782 0.865 0.926 0.883 0.844 0.915 0.857 0.93 0.915 0.870 0.901 0.953 0.936 
Li* 0.374 0.256 0.137 0.357 0.331 0.384 0.331 0.290 0.45 0.437 0.386 0.433 0.575 0.593 
X: Na 0.032 0.032 0.049 0.030 0.047 0.042 0.000 0.039 0.04 0.050 0.075 0.066 0.052 0.051 
K 1.867 1.882 1.870 1.909 1.896 1.900 1.900 1.868 1.89 1.843 1.918 1.918 1.867 1.846 
OH* 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 3.69 3.699 3.739 3.728 3.715 3.635 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.31 0.301 0.261 0.272 0.285 0.365 
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Trioctahedral micas continued 
Sample LE01 – granite LE01 – Enclave LE08 
EPMA code LE01B_5  LE01B_6  LE01B_40  LE01B_9  LE01B_11  LE01B_12  LE01B_13  LE01B_14  LE01B_17  LE01B_24  LE01B_25  LE08_11  LE08_12  
SiO2 36.320 36.840 35.670 35.560 36.100 36.180 36.260 36.090 36.120 36.080 36.650 39.520 39.360 
TiO2 1.770 1.750 2.610 3.080 2.110 2.290 2.140 2.060 2.230 2.490 2.290 0.802 0.987 
Al2O3 19.180 19.570 19.600 18.720 20.150 19.330 19.980 19.970 19.980 19.470 19.320 23.210 23.060 
FeO 20.420 19.780 19.980 21.030 20.530 20.890 20.270 21.280 21.390 21.210 21.030 16.550 16.850 
MnO 0.136 0.242 0.223 0.129 0.180 0.104 0.126 0.110 0.162 0.169 0.202 0.210 0.254 
MgO 6.550 6.470 5.830 5.920 6.340 6.550 6.320 6.540 5.650 6.000 6.420 2.760 2.860 
Na2O 0.192 0.187 0.160 0.239 0.256 0.277 0.261 0.235 0.231 0.282 0.261 0.264 0.253 
K2O 9.480 9.530 9.890 9.650 9.500 9.560 9.470 9.580 9.700 9.690 9.660 10.060 10.060 
F 0.566 0.624 0.123 0.811 0.908 0.921 0.999 0.975 0.561 0.954 0.872 1.630 1.550 
Li2O* 0.261 0.266 0.307 0.301 0.274 0.261 0.275 0.262 0.320 0.295 0.269 1.763 1.717 
H2O* 3.628 3.632 3.828 3.496 3.512 3.494 3.462 3.492 3.671 3.478 3.544 3.306 3.344 
Subtotal 98.503 98.891 98.220 98.945 99.859 99.857 99.563 100.594 100.014 100.119 100.518 100.075 100.294 
O=F 0.238 0.263 0.052 0.341 0.382 0.388 0.421 0.411 0.236 0.402 0.367 0.686 0.653 
Total 98.265 98.628 98.169 98.604 99.477 99.469 99.142 100.184 99.778 99.717 100.151 99.388 99.642 
Si 5.591 5.625 5.504 5.495 5.491 5.520 5.525 5.472 5.502 5.505 5.554 5.811 5.786 
Al iv 2.409 2.375 2.496 2.505 2.509 2.480 2.475 2.528 2.498 2.495 2.446 2.189 2.214 
Y: Al vi 1.070 1.146 1.068 0.904 1.104 0.996 1.113 1.041 1.089 1.005 1.004 1.833 1.781 
Ti 0.205 0.201 0.303 0.358 0.241 0.263 0.245 0.235 0.256 0.286 0.261 0.089 0.109 
Fe 2.629 2.526 2.578 2.718 2.612 2.666 2.583 2.699 2.725 2.706 2.665 2.035 2.072 
Mn 0.018 0.031 0.029 0.017 0.023 0.013 0.016 0.014 0.021 0.022 0.026 0.026 0.032 
Mg 1.503 1.473 1.341 1.364 1.438 1.490 1.436 1.478 1.283 1.365 1.450 0.605 0.627 
Li* 0.162 0.163 0.190 0.187 0.167 0.160 0.168 0.160 0.196 0.181 0.164 1.043 1.015 
X: Na 0.057 0.055 0.048 0.072 0.075 0.082 0.077 0.069 0.068 0.084 0.077 0.075 0.072 
K 1.862 1.856 1.947 1.902 1.844 1.861 1.841 1.853 1.885 1.886 1.867 1.887 1.887 
OH* 3.725 3.699 3.940 3.604 3.563 3.556 3.518 3.532 3.730 3.540 3.582 3.242 3.279 
F 0.275 0.301 0.060 0.396 0.437 0.444 0.482 0.468 0.270 0.460 0.418 0.758 0.721 
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Trioctahedral micas continued 
Sample LE08 CL02 AU06 
EPMA 
code 
LE08_25 LE08_26 LE08_36 CL02_5 CL02_20 CL02_21 CL02_36 AU06_1 AU06_2 AU06_3 AU06_4 AU06_5 AU06_6 AU06_7 
SiO2 38.310 38.410 38.800 39.170 38.510 39.210 39.270 49.120 47.270 49.170 47.320 47.770 48.040 39.170 
TiO2 1.252 0.960 0.929 1.530 1.720 1.043 1.072    0.284  0.214 1.530 
Al2O3 22.490 22.580 22.950 22.940 22.860 23.310 22.880 19.700 21.060 19.050 20.510 20.760 20.330 22.940 
FeO 17.820 17.580 17.610 16.610 17.200 17.910 17.270 8.430 9.700 8.260 9.710 9.410 8.590 16.610 
MnO 0.178 0.342 0.203 0.569 0.563 0.569 0.600 0.125 0.103 0.130 0.239 0.277 0.306 0.569 
MgO 3.270 3.130 3.180 2.850 2.120 1.910 1.860 0.390 0.427 0.418 0.384 0.407 0.377 2.850 
Na2O 0.202 0.336 0.220 0.252 0.409 0.220 0.250 0.265 0.342 0.203 0.224 0.350 0.302 0.252 
K2O 10.240 10.130 10.140 10.000 9.800 9.930 10.060 10.480 10.160 10.310 10.340 10.160 10.120 10.000 
F 1.140 1.860 0.336 2.800 2.420 2.110 2.000 8.220 7.990 8.680 8.010 8.050 8.270 2.800 
Li2O* 1.414 1.442 1.555 1.662 1.471 1.674 1.691 4.538 4.003 4.552 4.017 4.148 4.226 1.662 
H2O* 3.487 3.139 3.903 2.755 2.877 3.072 3.096 0.378 0.449 0.125 0.430 0.438 0.320 2.755 
Subtotal 99.803 99.910 99.824 101.138 99.951 100.957 100.049 101.647 101.504 100.899 101.468 101.770 101.094 101.138 
O=F 0.480 0.783 0.141 1.179 1.019 0.888 0.842 3.461 3.364 3.655 3.373 3.389 3.482 1.179 
Total 99.323 99.127 99.683 99.959 98.932 100.069 99.207 98.186 98.140 97.245 98.095 98.380 97.612 99.959 
Si 5.704 5.728 5.728 5.753 5.738 5.773 5.822 6.889 6.689 6.953 6.712 6.732 6.793 5.753 
Al iv 2.296 2.272 2.272 2.247 2.262 2.227 2.178 1.111 1.311 1.047 1.288 1.268 1.207 2.247 
Y: Al vi 1.650 1.696 1.721 1.724 1.752 1.818 1.820 2.145 2.201 2.127 2.140 2.180 2.180 1.724 
Ti 0.140 0.108 0.103 0.169 0.193 0.116 0.120 0.000 0.000 0.000 0.030 0.000 0.023 0.169 
Fe 2.219 2.192 2.174 2.040 2.143 2.205 2.141 0.989 1.148 0.977 1.152 1.109 1.016 2.040 
Mn 0.022 0.043 0.025 0.071 0.071 0.071 0.075 0.015 0.012 0.016 0.029 0.033 0.037 0.071 
Mg 0.726 0.696 0.700 0.624 0.471 0.419 0.411 0.082 0.090 0.088 0.081 0.086 0.079 0.624 
Li* 0.846 0.865 0.923 0.982 0.882 0.991 1.008 2.559 2.278 2.589 2.292 2.351 2.403 0.982 
X: Na 0.058 0.097 0.063 0.072 0.118 0.063 0.072 0.072 0.094 0.056 0.061 0.096 0.083 0.072 
K 1.945 1.927 1.910 1.874 1.863 1.865 1.903 1.875 1.834 1.860 1.871 1.827 1.826 1.874 
OH* 3.463 3.123 3.843 2.699 2.860 3.017 3.062 0.354 0.424 0.118 0.407 0.412 0.302 2.699 
F 0.537 0.877 0.157 1.301 1.140 0.983 0.938 3.646 3.576 3.882 3.593 3.588 3.698 1.301 
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Trioctahedral micas continued 
Sample AU06 LE04 AU04 
EPMA code AU06_8 AU06_9 LE04_5  LE04_6  LE04_14  LE04_15  LE04_16  LE04_22  LE04_23  LE04_24  LE04_30  AU04_1  AU04_2  AU04_5  
SiO2 46.310 46.370 45.130 46.500 47.880 46.240 45.120 48.240 48.130 44.530 48.200 38.980 37.510 41.370 
TiO2 0.315 0.326 0.383 0.397 0.258 0.350 0.303 0.330 0.254 0.438 0.192 1.328 1.800 0.431 
Al2O3 21.760 21.330 21.260 21.020 20.710 21.450 22.130 20.480 20.990 22.670 20.840 22.840 21.460 24.730 
FeO 10.400 10.180 11.190 10.650 10.210 10.380 12.190 10.050 10.390 12.660 9.870 17.350 17.750 13.200 
MnO 0.663 0.515 0.297 0.222 0.276 0.354 0.288 0.482 0.336 0.442 0.271 0.526 0.477 0.316 
MgO 0.489 0.513 0.689 0.736 0.750 0.733 0.739 0.853 0.799 0.738 0.763 2.280 2.170 2.120 
Na2O 0.397 0.247 0.134 0.106 0.266 0.209 0.258 0.297 0.308 0.390 0.247 0.300 0.300 0.237 
K2O 10.100 10.260 10.570 10.530 10.370 10.430 10.390 10.330 10.360 10.280 10.310 9.890 9.870 10.370 
F 7.760 7.640 6.930 7.530 7.730 7.170 6.940 7.790 7.440 6.630 7.830 2.970 2.270 2.950 
Li2O* 3.726 3.743 4.377 3.781 4.179 3.705 3.382 4.283 4.252 3.211 4.272 1.607 1.182 2.298 
H2O* 0.569 0.601 0.932 0.665 0.640 0.834 0.935 0.634 0.816 1.088 0.609 2.641 2.827 2.773 
Subtotal 102.489 101.726 101.891 102.136 103.269 101.855 102.674 103.770 104.074 103.076 103.403 100.743 97.688 100.794 
O=F 3.267 3.217 2.918 3.171 3.255 3.019 2.922 3.280 3.133 2.792 3.297 1.251 0.956 1.242 
Total 99.221 98.509 98.973 98.965 100.014 98.836 99.752 100.490 100.941 100.285 100.106 99.493 96.733 99.552 
Si 6.536 6.583 6.417 6.584 6.670 6.550 6.403 6.685 6.644 6.310 6.688 5.773 5.763 5.947 
Al iv 1.464 1.417 1.583 1.416 1.330 1.450 1.597 1.315 1.356 1.690 1.312 2.227 2.237 2.053 
Y: Al vi 2.156 2.152 1.979 2.092 2.070 2.131 2.104 2.030 2.059 2.096 2.096 1.759 1.649 2.137 
Ti 0.033 0.035 0.041 0.042 0.027 0.037 0.032 0.034 0.026 0.047 0.020 0.148 0.208 0.047 
Fe 1.228 1.209 1.331 1.261 1.190 1.230 1.447 1.165 1.200 1.500 1.145 2.149 2.281 1.587 
Mn 0.079 0.062 0.036 0.027 0.033 0.043 0.035 0.057 0.039 0.053 0.032 0.066 0.062 0.038 
Mg 0.103 0.109 0.146 0.155 0.156 0.155 0.156 0.176 0.164 0.156 0.158 0.503 0.497 0.454 
Li* 2.115 2.137 2.503 2.153 2.341 2.111 1.930 2.387 2.360 1.830 2.384 0.957 0.731 1.328 
X: Na 0.109 0.068 0.037 0.029 0.072 0.057 0.071 0.080 0.082 0.107 0.066 0.086 0.089 0.066 
K 1.819 1.858 1.917 1.902 1.843 1.885 1.881 1.826 1.825 1.858 1.825 1.869 1.935 1.902 
OH* 0.536 0.570 0.884 0.628 0.594 0.788 0.885 0.586 0.752 1.029 0.564 2.609 2.897 2.659 
F 3.464 3.430 3.116 3.372 3.406 3.212 3.115 3.414 3.248 2.971 3.436 1.391 1.103 1.341 
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Trioctahedral micas continued 
Sample AU04 AU12 
EPMA code AU04_6  AU04_10  AU04_11  AU04_15  AU04_16  AU04_32  AU04_33  AU12_11  AU12_14  AU12_15  AU12_17  AU12_26  AU12_27  AU12_28 
SiO2 40.030 39.490 40.750 38.510 38.480 39.460 39.120 46.960 46.430 46.790 47.130 47.150 47.310 45.720 
TiO2 1.109 1.125 0.655 1.810 1.142 0.600 1.573 0.322 0.471 0.327 0.359 0.441 0.470 0.433 
Al2O3 23.030 23.240 24.010 22.240 22.090 23.820 21.900 24.600 22.010 22.200 24.290 24.930 24.000 23.130 
FeO 16.650 16.490 15.020 18.350 17.230 16.130 18.040 8.260 10.550 10.940 8.520 8.080 8.500 10.340 
MnO 0.426 0.365 0.299 0.420 0.392 0.401 0.367  0.112  0.111   0.113 
MgO 2.310 1.670 1.750 2.260 2.420 2.110 2.430 1.428 1.190 1.140 1.174 1.166 1.201 1.255 
Na2O 0.204 0.198 0.305 0.238 0.179 0.222 0.146 0.180 0.363 0.357 0.177 0.212 0.234 0.198 
K2O 10.330 10.220 9.980 10.060 10.050 10.340 10.200 9.720 10.280 10.280 10.490 10.770 10.690 10.640 
F 2.850 2.520 3.020 2.460 2.640 3.070 2.580 3.900 6.140 6.250 4.690 3.900 4.550 5.230 
Li2O* 1.911 1.755 2.119 1.471 1.463 1.746 1.648 3.913 3.760 3.864 3.963 3.968 4.015 3.555 
H2O* 2.759 2.855 2.691 2.860 2.717 2.612 2.819 2.544 1.386 1.366 2.179 2.582 2.252 1.819 
Subtotal 101.608 99.927 100.600 100.680 98.803 100.511 100.823 101.828 102.693 103.514 103.082 103.200 103.222 102.433 
O=F 1.200 1.061 1.272 1.036 1.112 1.293 1.086 1.642 2.585 2.632 1.975 1.642 1.916 2.202 
Total 100.408 98.866 99.329 99.645 97.691 99.218 99.736 100.186 100.107 100.883 101.107 101.558 101.307 100.231 
Si 5.840 5.847 5.926 5.735 5.814 5.817 5.803 6.410 6.480 6.481 6.419 6.380 6.434 6.377 
Al iv 2.160 2.153 2.074 2.265 2.186 2.183 2.197 1.590 1.520 1.519 1.581 1.620 1.566 1.623 
Y: Al vi 1.800 1.902 2.041 1.638 1.748 1.956 1.632 2.367 2.100 2.104 2.317 2.356 2.280 2.180 
Ti 0.122 0.125 0.072 0.203 0.130 0.067 0.176 0.033 0.049 0.034 0.037 0.045 0.048 0.045 
Fe 2.031 2.042 1.827 2.285 2.177 1.989 2.238 0.943 1.231 1.267 0.970 0.914 0.967 1.206 
Mn 0.053 0.046 0.037 0.053 0.050 0.050 0.046 0.000 0.013 0.000 0.013 0.000 0.000 0.013 
Mg 0.502 0.369 0.379 0.502 0.545 0.464 0.537 0.291 0.248 0.235 0.238 0.235 0.244 0.261 
Li* 1.121 1.045 1.239 0.881 0.889 1.035 0.983 2.148 2.110 2.152 2.170 2.159 2.196 1.994 
X: Na 0.058 0.057 0.086 0.069 0.053 0.063 0.042 0.048 0.098 0.096 0.047 0.056 0.062 0.053 
K 1.923 1.930 1.852 1.911 1.937 1.945 1.930 1.693 1.830 1.816 1.823 1.859 1.855 1.893 
OH* 2.685 2.820 2.611 2.841 2.738 2.569 2.790 2.316 1.290 1.262 1.980 2.331 2.043 1.693 
F 1.315 1.180 1.389 1.159 1.262 1.431 1.210 1.684 2.710 2.738 2.020 1.669 1.957 2.307 
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Trioctahedral micas continued 
Sample AU12 CM02 
EPMA code AU12_31  AU12_34  AU12_35  cm02_13  cm02_14  cm02_17  cm02_18  cm02_25  cm02_25  cm02_25  
SiO2 46.220 43.750 45.550 39.300 39.140 40.460 41.280 41.470 41.470 41.470 
TiO2 0.347 0.790 0.443 1.730 1.860 1.790 1.018 0.888 0.888 0.888 
Al2O3 23.970 24.830 23.110 23.450 22.800 23.830 25.180 25.030 25.030 25.030 
FeO 10.290 11.180 9.850 15.590 15.650 14.570 13.440 13.180 13.180 13.180 
MnO 0.132 0.101 0.106 0.547 0.547 0.540 0.473 0.519 0.519 0.519 
MgO 1.085 0.971 1.102 1.930 2.160 1.760 1.760 1.690 1.690 1.690 
Na2O 0.143 0.190 0.233 0.343 0.304 0.267 0.456 0.367 0.367 0.367 
K2O 10.730 10.890 10.560 9.920 9.750 10.280 10.030 10.230 10.230 10.230 
F 5.000 4.400 5.380 3.950 3.560 1.740 3.290 4.410 4.410 4.410 
Li2O* 3.700 2.986 3.506 1.700 1.653 2.035 2.272 2.327 2.327 2.327 
H2O* 1.993 2.182 1.718 2.192 2.346 3.316 2.645 2.108 2.108 2.108 
Subtotal 103.608 102.271 101.558 100.651 99.770 100.588 101.844 102.218 102.218 102.218 
O=F 2.105 1.853 2.265 1.663 1.499 0.733 1.385 1.857 1.857 1.857 
Total 101.503 100.418 99.293 98.988 98.271 99.855 100.459 100.361 100.361 100.361 
Si 6.352 6.146 6.399 5.798 5.818 5.859 5.886 5.922 5.922 5.922 
Al iv 1.648 1.854 1.601 2.202 2.182 2.141 2.114 2.078 2.078 2.078 
Y: Al vi 2.234 2.257 2.225 1.876 1.813 1.927 2.118 2.134 2.134 2.134 
Ti 0.036 0.084 0.047 0.192 0.208 0.195 0.109 0.095 0.095 0.095 
Fe 1.183 1.314 1.157 1.924 1.946 1.765 1.603 1.574 1.574 1.574 
Mn 0.015 0.012 0.013 0.068 0.069 0.066 0.057 0.063 0.063 0.063 
Mg 0.222 0.203 0.231 0.424 0.479 0.380 0.374 0.360 0.360 0.360 
Li* 2.045 1.687 1.981 1.008 0.988 1.185 1.303 1.336 1.336 1.336 
X: Na 0.038 0.052 0.063 0.098 0.088 0.075 0.126 0.101 0.101 0.101 
K 1.881 1.952 1.893 1.867 1.849 1.899 1.825 1.864 1.864 1.864 
OH* 1.827 2.045 1.610 2.157 2.326 3.203 2.516 2.008 2.008 2.008 
F 2.173 1.955 2.390 1.843 1.674 0.797 1.484 1.992 1.992 1.992 
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Lamprophyre trioctahedral micas – Sample EV07 
EPMA code EV07_1  EV07_2  EV07_3  EV07_10  EV07_11  EV07_12  EV07_13  EV07_15  EV07_16  EV07_17  
SiO2 38.490 38.560 39.450 38.880 39.300 39.100 39.330 39.340 39.340 39.440 
TiO2 2.350 2.170 1.710 2.390 2.410 2.710 1.830 2.640 2.900 2.450 
Al2O3 14.620 14.050 14.450 14.110 14.320 14.010 13.880 14.240 14.600 14.260 
FeO 6.350 7.590 4.730 6.310 5.680 6.030 5.370 5.400 5.680 5.770 
MgO 21.820 21.510 23.150 22.530 23.000 22.320 22.320 22.580 22.730 22.710 
Cr2O3 0.364 0.757 0.862    0.950 0.307   
CaO 0.029  0.044 0.055 0.078   0.034   
Na2O 0.621 0.601 0.593 0.633 0.605 0.563 0.516 0.528 0.564 0.648 
K2O 9.890 9.770 10.070 9.840 9.910 9.780 9.970 9.950 9.800 9.750 
F 3.150 2.920 3.560 3.360 3.560 2.970 3.170 2.800 2.930 3.000 
Li2O* 0.011 0.011 0.009 0.010 0.009 0.010 0.010 0.010 0.010 0.010 
Subtotal 97.695 97.940 98.627 98.118 98.872 97.493 97.346 97.828 98.554 98.038 
O=F 1.326 1.229 1.499 1.415 1.499 1.251 1.335 1.179 1.234 1.263 
Total 96.369 96.711 97.128 96.703 97.373 96.242 96.011 96.649 97.320 96.775 
Si 5.586 5.604 5.651 5.622 5.629 5.653 5.703 5.646 5.609 5.659 
Al iv 2.414 2.396 2.349 2.378 2.371 2.347 2.297 2.354 2.391 2.341 
Al vi 0.086 0.011 0.091 0.027 0.047 0.040 0.075 0.055 0.062 0.071 
Ti 0.257 0.237 0.184 0.260 0.260 0.295 0.200 0.285 0.311 0.264 
Cr 0.031 0.065 0.073 0.000 0.000 0.000 0.082 0.026 0.000 0.000 
Fe 0.771 0.923 0.567 0.763 0.680 0.729 0.651 0.648 0.677 0.692 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 4.721 4.660 4.944 4.857 4.911 4.811 4.825 4.831 4.831 4.858 
Li* 0.006 0.007 0.005 0.006 0.005 0.006 0.006 0.006 0.006 0.006 
Ca 0.005 0.000 0.007 0.008 0.012 0.000 0.000 0.005 0.000 0.000 
Na 0.175 0.169 0.165 0.178 0.168 0.158 0.145 0.147 0.156 0.180 
K 1.831 1.811 1.840 1.815 1.811 1.804 1.844 1.822 1.783 1.785 
OH* 2.554 2.658 2.387 2.463 2.387 2.642 2.546 2.729 2.679 2.639 
F 1.446 1.342 1.613 1.537 1.613 1.358 1.454 1.271 1.321 1.361 
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Dioctahedral micas 
Sample KT01 
EPMA code KT01_1  KT01_3  KT01_5  KT01_6  KT01_12  KT01_14  KT01_15  KT01_20  KT01_21  KT01_29  KT01_38  KT01_40  KT01_41  KT01_1  
SiO2 45.830 46.320 45.430 46.290 47.200 45.570 46.430 45.840 45.790 46.450 45.980 45.800 45.500 45.830 
TiO2 0.403 0.398 0.355 0.385 0.205 0.264 0.343 0.260 0.389 0.496 0.520 0.666 0.719 0.403 
Al2O3 33.970 34.280 34.370 33.920 31.820 33.250 33.930 33.300 33.080 32.630 33.690 33.800 34.360 33.970 
FeO 1.880 2.260 1.820 1.890 3.010 2.930 2.460 2.680 2.730 3.150 2.040 2.380 1.970 1.880 
MnO       0.114         
MgO 1.080 1.135 1.004 1.008 1.575 1.323 1.281 1.160 1.385 1.415 1.103 1.261 1.045 1.080 
Na2O 0.944 0.835 0.875 0.817 0.487 0.684 0.795 0.790 0.789 0.801 0.533 0.852 0.850 0.944 
K2O 10.440 10.400 10.450 10.420 10.720 10.480 10.470 10.410 10.310 10.390 11.000 10.370 10.370 10.440 
F 1.330 0.988 1.430 1.170 1.290 1.500 1.400 1.380 1.220 1.680 1.030 1.380 1.150 1.330 
Li2O* 0.490 0.331 0.540 0.414 0.471 0.575 0.525 0.515 0.437 0.668 0.349 0.515 0.404 0.490 
H2O* 3.841 4.043 3.786 3.928 3.861 3.741 3.856 3.798 3.870 3.696 3.979 3.835 3.932 3.841 
Subtotal 100.207 100.989 100.060 100.242 100.638 100.430 101.490 100.133 100.001 101.377 100.225 100.859 100.301 100.207 
O=F 0.560 0.416 0.602 0.493 0.543 0.632 0.589 0.581 0.514 0.707 0.434 0.581 0.484 0.560 
Total 99.647 100.573 99.458 99.750 100.095 99.799 100.900 99.552 99.487 100.670 99.791 100.278 99.816 99.647 
Si 6.146 6.156 6.103 6.192 6.328 6.138 6.160 6.174 6.172 6.200 6.172 6.118 6.093 6.146 
Al iv 1.854 1.844 1.897 1.808 1.672 1.862 1.840 1.826 1.828 1.800 1.828 1.882 1.907 1.854 
Y: Al vi 3.514 3.526 3.544 3.539 3.357 3.416 3.465 3.459 3.427 3.333 3.502 3.439 3.516 3.514 
Ti 0.041 0.040 0.036 0.039 0.021 0.027 0.034 0.026 0.039 0.050 0.053 0.067 0.072 0.041 
Fe 0.211 0.251 0.204 0.211 0.338 0.330 0.273 0.302 0.308 0.352 0.229 0.266 0.221 0.211 
Mn 0.000 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.216 0.225 0.201 0.201 0.315 0.266 0.253 0.233 0.278 0.282 0.221 0.251 0.209 0.216 
Li* 0.264 0.177 0.292 0.223 0.254 0.312 0.280 0.279 0.237 0.359 0.189 0.277 0.218 0.264 
X: Na 0.245 0.215 0.228 0.212 0.127 0.179 0.204 0.206 0.206 0.207 0.139 0.221 0.221 0.245 
K 1.786 1.763 1.791 1.778 1.834 1.801 1.772 1.789 1.773 1.769 1.884 1.767 1.772 1.786 
OH* 3.436 3.585 3.392 3.505 3.453 3.361 3.413 3.412 3.480 3.291 3.563 3.417 3.513 3.436 
F 0.564 0.415 0.608 0.495 0.547 0.639 0.587 0.588 0.520 0.709 0.437 0.583 0.487 0.564 
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Dioctahedral micas continued. 
Sample KT01 LE08 CL02 
EPMA code KT01_42 KT01_44 KT01_45 KT01_46 LE08_4 LE08_5 LE08_8 LE08_32 CL02_1 CL02_2 CL02_19 CL02_11 CL02_37 CL02_38 
SiO2 45.790 46.130 46.450 46.610 46.170 46.350 46.570 46.070 45.340 45.030 45.530 44.990 46.420 45.910 
TiO2 0.448 0.261 0.112 0.271 0.366 0.263 0.190   0.449 0.494 0.334 0.378 0.350 0.222 
Al2O3 33.340 32.620 33.440 30.210 32.530 32.010 33.750 32.320 31.740 32.370 31.810 31.280 33.320 33.490 
FeO 2.880 2.590 2.480 4.200 3.060 3.810 2.410 3.440 4.500 4.190 4.040 5.220 3.150 3.070 
MnO        0.086 0.103 0.133 0.204 0.162 0.285 0.100 0.110 
MgO 1.276 1.409 0.906 1.860 1.386 1.114 0.928 1.551 1.207 0.851 0.987 0.835 0.664 0.853 
Na2O 0.781 0.686 0.620 0.395 0.671 0.300 0.591 0.472 0.776 0.546 0.614 0.627 0.667 0.704 
K2O 10.400 10.630 10.720 10.920 10.690 11.150 10.970 11.120 10.300 10.640 10.670 10.420 10.410 10.800 
F 1.150 1.350 1.180 1.660 2.130 0.891 1.010 1.680 2.580 2.650 1.540 2.370 1.150 2.210 
Li2O* 0.404 0.500 0.418 0.658 0.916 0.288 0.340 0.668 1.181 1.223 0.596 1.055 0.404 0.962 
H2O* 3.917 3.804 3.908 3.628 3.469 4.007 4.013 3.659 3.215 3.180 3.669 3.267 3.927 3.444 
Subtotal 100.386 99.980 100.234 100.412 101.388 100.184 100.859 101.084 101.421 101.378 99.951 100.726 100.561 101.775 
O=F 0.484 0.568 0.497 0.699 0.897 0.375 0.425 0.707 1.086 1.116 0.648 0.998 0.484 0.931 
Total 99.902 99.412 99.737 99.713 100.491 99.809 100.434 100.376 100.334 100.262 99.303 99.728 100.077 100.844 
Si 6.153 6.225 6.235 6.330 6.181 6.274 6.216 6.201 6.126 6.087 6.207 6.145 6.224 6.129 
Al iv 1.847 1.775 1.765 1.670 1.819 1.726 1.784 1.799 1.874 1.913 1.793 1.855 1.776 1.871 
Y: Al vi 3.434 3.412 3.526 3.166 3.313 3.382 3.526 3.328 3.179 3.244 3.317 3.180 3.489 3.398 
Ti 0.045 0.026 0.011 0.028 0.037 0.027 0.019 0.000 0.046 0.050 0.034 0.039 0.035 0.022 
Fe 0.324 0.292 0.278 0.477 0.343 0.431 0.269 0.387 0.508 0.474 0.461 0.596 0.353 0.343 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.012 0.015 0.023 0.019 0.033 0.011 0.012 
Mg 0.256 0.283 0.181 0.377 0.277 0.225 0.185 0.311 0.243 0.172 0.201 0.170 0.133 0.170 
Li* 0.219 0.271 0.226 0.359 0.493 0.157 0.183 0.362 0.642 0.665 0.327 0.579 0.218 0.516 
X: Na 0.203 0.180 0.161 0.104 0.174 0.079 0.153 0.123 0.203 0.143 0.162 0.166 0.173 0.182 
K 1.783 1.830 1.836 1.892 1.826 1.926 1.868 1.909 1.775 1.835 1.856 1.816 1.781 1.839 
OH* 3.511 3.424 3.499 3.287 3.098 3.618 3.574 3.285 2.898 2.867 3.336 2.976 3.512 3.067 
F 0.489 0.576 0.501 0.713 0.902 0.382 0.426 0.715 1.102 1.133 0.664 1.024 0.488 0.933 
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Dioctahedral micas continued. 
 CL02 CN09 CN01 
EPMA code CL02_39 CL02_40 CN09_15 CN09_16 CN09_17 CN09_21 CN09_24 CN09_42 CN09_43 CN01_11 CN01_14 CN01_16 CN01_17 CN01_28 
SiO2 45.720 45.420 46.130 46.040 46.150 46.790 46.620 46.570 46.330 45.250 45.870 45.890 46.760 46.410 
TiO2 0.319 0.345 0.666 0.662 0.453 0.791 0.457  0.325 0.608 0.521 0.701 0.646 0.348 
Al2O3 32.490 32.430 34.770 34.610 34.590 35.170 34.890 35.760 35.320 34.630 33.300 33.970 32.890 33.470 
FeO 4.340 4.310 1.890 1.550 1.760 1.630 1.730 1.400 1.800 1.950 2.470 2.360 2.510 2.510 
MnO 0.167 0.216                
MgO 0.619 0.816 1.025 1.011 1.008 1.033 0.939 0.787 0.962 0.982 1.258 1.176 1.525 1.460 
Na2O 0.452 0.595 0.724 0.652 0.603 0.712 0.655 0.700 0.745 0.824 0.776 0.709 0.718 0.746 
K2O 11.010 10.750 10.750 10.840 10.870 10.710 10.890 10.770 10.660 10.390 10.460 10.430 10.600 10.420 
F 2.620 2.570 1.080 1.100 1.030 1.030 1.040 0.841 0.984 0.604 1.110 0.852 1.320 1.540 
Li2O* 1.205 1.175 0.372 0.381 0.349 0.349 0.354 0.267 0.329 0.172 0.386 0.272 0.486 0.596 
H2O* 3.226 3.238 4.016 3.986 4.018 4.093 4.052 4.147 4.077 4.170 3.931 4.080 3.884 3.777 
Subtotal 102.167 101.864 101.423 100.832 100.832 102.307 101.626 101.242 101.533 99.580 100.082 100.439 101.338 101.277 
O=F 1.103 1.082 0.455 0.463 0.434 0.434 0.438 0.354 0.414 0.254 0.467 0.359 0.556 0.648 
Total 101.064 100.782 100.969 100.369 100.398 101.873 101.189 100.888 101.119 99.325 99.615 100.080 100.782 100.628 
Si 6.136 6.112 6.108 6.125 6.141 6.125 6.151 6.143 6.114 6.089 6.171 6.137 6.218 6.175 
Al iv 1.864 1.888 1.892 1.875 1.859 1.875 1.849 1.857 1.886 1.911 1.829 1.863 1.782 1.825 
Y: Al vi 3.274 3.255 3.534 3.551 3.566 3.550 3.576 3.702 3.607 3.580 3.451 3.492 3.373 3.423 
Ti 0.032 0.035 0.066 0.066 0.045 0.078 0.045 0.000 0.032 0.062 0.053 0.070 0.065 0.035 
Fe 0.487 0.485 0.209 0.172 0.196 0.178 0.191 0.154 0.199 0.219 0.278 0.264 0.279 0.279 
Mn 0.019 0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.124 0.164 0.202 0.200 0.200 0.201 0.185 0.155 0.189 0.197 0.252 0.234 0.302 0.290 
Li* 0.650 0.636 0.198 0.204 0.187 0.184 0.188 0.142 0.175 0.093 0.209 0.146 0.260 0.319 
X: Na 0.118 0.155 0.186 0.168 0.156 0.181 0.168 0.179 0.191 0.215 0.202 0.184 0.185 0.193 
K 1.885 1.845 1.816 1.840 1.845 1.788 1.833 1.812 1.795 1.784 1.795 1.780 1.798 1.769 
OH* 2.888 2.906 3.548 3.537 3.567 3.574 3.566 3.649 3.589 3.743 3.528 3.639 3.445 3.352 
F 1.112 1.094 0.452 0.463 0.433 0.426 0.434 0.351 0.411 0.257 0.472 0.361 0.555 0.648 
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Dioctahedral micas continued. 
 CN01 BD04 CM02 
EPMA code CN01_29  BD04_1  BD04_2  BD04_3  BD04_10  BD04_11  BD04_30  BD04_40  cm02_10  cm02_28  cm02_29  cm02_37  cm02_38  cm02_41  
SiO2 46.100 46.090 46.030 46.140 45.670 45.960 46.230 46.060 45.570 46.750 46.270 45.920 46.680 45.270 
TiO2 0.242 0.681 0.872 0.526 0.555 0.318 0.568 0.482 0.495 0.480 0.426 0.665 0.508 0.485 
Al2O3 34.450 33.330 33.250 33.490 32.890 32.850 32.780 33.150 32.270 32.730 32.850 32.300 31.930 33.210 
FeO 2.290 2.530 2.640 2.350 2.530 2.620 2.680 2.740 3.420 3.070 2.840 3.430 3.910 2.960 
MnO            0.128 0.115 0.152 0.122 0.137  
MgO 1.146 1.282 1.368 1.264 1.296 1.178 1.453 1.245 1.286 1.130 1.092 1.146 1.242 1.046 
Na2O 0.787 0.795 0.784 0.761 0.641 0.497 0.716 0.691 0.707 0.694 0.670 0.694 0.506 0.898 
K2O 10.500 10.370 10.430 10.510 10.850 11.000 10.490 10.770 10.550 10.560 10.600 10.340 10.850 10.330 
F 0.947 1.040 1.070 1.080 1.210 1.040 1.070 1.020 2.370 2.170 2.010 2.770 1.530 2.760 
Li2O* 0.313 0.354 0.368 0.372 0.433 0.354 0.368 0.345 1.055 0.939 0.848 1.297 0.591 1.291 
H2O* 4.053 3.984 3.978 3.967 3.863 3.940 3.957 3.982 3.348 3.491 3.540 3.183 3.763 3.180 
Subtotal 100.827 100.456 100.789 100.459 99.938 99.757 100.311 100.485 101.198 102.128 101.297 101.868 101.648 101.431 
O=F 0.399 0.438 0.451 0.455 0.509 0.438 0.451 0.429 0.998 0.914 0.846 1.166 0.644 1.162 
Total 100.429 100.018 100.338 100.004 99.428 99.320 99.860 100.055 100.200 101.214 100.451 100.702 101.004 100.268 
Si 6.140 6.173 6.154 6.178 6.172 6.217 6.209 6.185 6.034 6.190 6.127 6.081 6.181 5.994 
Al iv 1.860 1.827 1.846 1.822 1.828 1.783 1.791 1.815 1.966 1.810 1.873 1.919 1.819 2.006 
Y: Al vi 3.548 3.435 3.393 3.462 3.411 3.455 3.398 3.432 3.070 3.298 3.254 3.121 3.164 3.177 
Ti 0.024 0.069 0.088 0.053 0.056 0.032 0.057 0.049 0.049 0.048 0.042 0.066 0.051 0.048 
Fe 0.255 0.283 0.295 0.263 0.286 0.296 0.301 0.308 0.379 0.340 0.315 0.380 0.433 0.328 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.013 0.017 0.014 0.015 0.000 
Mg 0.227 0.256 0.273 0.252 0.261 0.238 0.291 0.249 0.254 0.223 0.216 0.226 0.245 0.207 
Li* 0.167 0.191 0.198 0.200 0.235 0.193 0.199 0.186 0.562 0.500 0.452 0.691 0.314 0.688 
X: Na 0.203 0.207 0.203 0.198 0.168 0.130 0.186 0.180 0.181 0.178 0.172 0.178 0.130 0.231 
K 1.784 1.772 1.779 1.795 1.871 1.898 1.797 1.845 1.782 1.784 1.791 1.747 1.833 1.745 
OH* 3.601 3.559 3.548 3.543 3.483 3.555 3.545 3.567 3.007 3.091 3.158 2.840 3.359 2.844 
F 0.399 0.441 0.452 0.457 0.517 0.445 0.455 0.433 0.993 0.909 0.842 1.160 0.641 1.156 
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Tourmaline 
 CL02 CM02 
EPMA code CL02_17  CL02_18  CL02_34  CL02_14  CL02_15  CL02_16  cm02_1  cm02_2  cm02_3  cm02_7  cm02_8  cm02_16  cm02_23  
SiO2 34.960 34.810 35.700 35.060 35.070 35.750 35.420 35.790 35.450 34.700 34.820 35.690 35.290 
TiO2 0.621 0.489 0.458 0.345 0.323   0.469 0.432 0.502 0.592 0.848 0.752 0.698 
Al2O3 34.560 34.780 35.240 35.110 34.590 35.710 34.450 35.240 34.880 34.270 34.670 34.760 34.240 
FeO 13.610 12.710 11.610 12.530 13.960 12.200 10.710 11.360 12.110 11.510 10.350 13.090 11.590 
MnO 0.171 0.234  0.224 0.149 0.185 0.078  0.104 0.102  0.140  
MgO 0.496 0.688 2.100 1.358 0.518 1.127 2.720 1.880 1.516 2.720 3.200 1.277 2.490 
CaO 0.052 0.040 0.230 0.163 0.036 0.079 0.227 0.092 0.089 0.382 0.453 0.093 0.291 
Na2O 2.090 2.090 1.900 1.850 2.000 1.620 1.760 1.560 1.760 2.000 1.940 1.970 1.970 
K2O 0.041  0.043 0.052 0.041   0.054 0.044 0.043 0.058 0.061 0.060 0.044 
F 0.254 0.354  0.068 0.221  0.080 0.000 0.230 0.131 0.078 0.239 0.000 
Total 86.855 86.195 87.281 86.760 86.908 86.670 85.968 86.398 86.684 86.464 86.418 88.071 86.612 
T: Si 5.820 5.816 5.828 5.803 5.844 5.878 5.858 5.880 5.856 5.762 5.740 5.843 5.825 
Al 0.180 0.184 0.172 0.197 0.156 0.122 0.142 0.120 0.144 0.238 0.260 0.157 0.175 
X: Na 0.675 0.677 0.601 0.594 0.646 0.516 0.564 0.497 0.564 0.644 0.620 0.625 0.630 
Ca 0.009 0.007 0.040 0.029 0.006 0.014 0.040 0.016 0.016 0.068 0.080 0.016 0.051 
K 0.009 0.000 0.009 0.011 0.009 0.000 0.011 0.000 0.009 0.012 0.000 0.000 0.000 
Vac 0.307 0.316 0.349 0.366 0.339 0.470 0.384 0.487 0.411 0.276 0.300 0.358 0.318 
Y: Al 0.601 0.664 0.608 0.652 0.636 0.799 0.574 0.704 0.646 0.469 0.476 0.549 0.485 
Ti 0.078 0.061 0.056 0.043 0.040 0.000 0.058 0.053 0.062 0.074 0.105 0.093 0.087 
Fe 1.895 1.776 1.585 1.734 1.945 1.678 1.481 1.561 1.673 1.598 1.427 1.792 1.600 
Mg 0.123 0.171 0.511 0.335 0.129 0.276 0.671 0.460 0.373 0.673 0.786 0.312 0.613 
Mn 0.024 0.033 0.000 0.031 0.021 0.026 0.011 0.000 0.014 0.014 0.000 0.019 0.000 
Li 0.279 0.294 0.239 0.204 0.228 0.221 0.205 0.221 0.231 0.171 0.206 0.235 0.216 
Z: Al 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
V: OH 4.000 3.813 4.000 4.000 4.000 4.000 3.958 4.000 3.880 3.931 3.960 3.876 4.000 
W: F 0.000 0.187 0.000 0.000 0.000 0.000 0.042 0.000 0.120 0.069 0.040 0.124 0.000 
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Tourmaline continued 
Sample CM02 LE02 DT07 
EPMA code cm02_43  cm02_44  cm02_48  cm02_49  LE01B_29  LE01B_30  LE01B_31  LE01B_32  DT07_4  DT07_5  DT07_6  DT07_16  DT07_17  
SiO2 35.870 35.120 35.310 35.750 35.210 34.980 35.360 35.380 35.310 34.970 35.360 34.620 34.900 
TiO2 0.470 0.695 0.746 0.726 0.518 0.518 0.367 0.496 0.449 0.860 0.383 1.329 0.874 
Al2O3 34.870 34.690 35.190 34.680 35.590 35.150 35.820 34.840 32.900 32.280 34.190 33.890 32.920 
FeO 12.970 11.840 12.960 12.180 10.950 10.740 10.420 11.030 11.860 11.480 11.720 12.220 12.030 
MnO 0.173 0.135 0.226   0.094     0.150 0.168  0.167 0.169 
MgO 1.416 2.060 1.244 2.060 2.860 2.410 2.810 2.940 3.120 3.060 2.370 1.730 2.960 
CaO 0.100 0.240 0.098 0.273 0.361 0.393 0.297 0.329 0.342 0.345 0.125 0.353 0.448 
Na2O 1.990 1.880 2.010 2.040 2.020 2.010 1.920 2.010 2.260 2.170 1.920 2.010 2.200 
K2O 0.049 0.045  0.055 0.055 0.050 0.056 0.052 0.051 0.054 0.044 0.049 0.050 
F 0.210 0.093 0.158 0.000 0.170 0.063  0.199 0.089      
Total 88.119 86.798 87.941 87.764 87.827 86.314 87.050 87.276 86.530 85.387 86.111 86.368 86.552 
T: Si 5.860 5.796 5.784 5.830 5.731 5.764 5.761 5.793 5.878 5.883 5.867 5.763 5.816 
Al 0.140 0.204 0.216 0.170 0.269 0.236 0.239 0.207 0.122 0.117 0.133 0.237 0.184 
X: Na 0.630 0.602 0.638 0.645 0.638 0.642 0.607 0.638 0.729 0.708 0.618 0.649 0.711 
Ca 0.018 0.043 0.017 0.048 0.063 0.069 0.052 0.058 0.061 0.062 0.022 0.063 0.080 
K 0.010 0.009 0.000 0.011 0.011 0.010 0.012 0.011 0.011 0.012 0.009 0.010 0.011 
Vac 0.342 0.346 0.344 0.296 0.288 0.278 0.330 0.293 0.199 0.218 0.351 0.278 0.198 
Y: Al 0.575 0.544 0.578 0.495 0.559 0.590 0.640 0.516 0.333 0.282 0.553 0.411 0.281 
Ti 0.058 0.086 0.092 0.089 0.063 0.064 0.045 0.061 0.056 0.109 0.048 0.166 0.110 
Fe 1.772 1.634 1.776 1.661 1.491 1.480 1.420 1.510 1.651 1.615 1.626 1.701 1.677 
Mg 0.345 0.507 0.304 0.501 0.694 0.592 0.683 0.718 0.774 0.767 0.586 0.429 0.735 
Mn 0.024 0.019 0.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li 0.227 0.209 0.219 0.254 0.192 0.274 0.213 0.195 0.185 0.226 0.187 0.292 0.197 
Z: Al 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
V: OH 4.000 4.000 4.000 4.000 3.913 3.967 4.000 3.897 3.953 4.000 4.000 4.000 4.000 
W: F 0.000 0.000 0.000 0.000 0.087 0.033 0.000 0.103 0.047 0.000 0.000 0.000 0.000 
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Tourmaline continued 
Sample BD04 CN09 AU04 
EPMA code BD04_21  BD04_22  BD04_23  BD04_24  BD04_31  CN09_5  CN09_6  CN09_7  CN09_8  CN09_46  AU04_7  AU04_8  AU04_9  
SiO2 35.610 35.930 36.000 35.990 35.780 36.240 36.240 36.380 35.860 36.030 35.410 34.530 34.940 
TiO2 0.513 0.559 0.566 0.556 0.329 0.576 0.675 0.661 0.576 0.720 0.351 0.338 0.275 
Al2O3 34.680 34.910 34.760 34.230 34.710 34.740 35.120 35.330 34.960 33.710 34.620 33.820 34.650 
FeO 10.160 9.810 9.810 9.820 10.460 9.500 9.400 9.550 9.560 9.550 13.040 13.540 13.160 
MnO   0.094          0.206 0.159 0.158 
MgO 3.410 3.370 3.170 3.280 2.470 3.810 3.660 3.590 3.850 3.250 1.373 1.426 1.199 
CaO 0.251 0.256 0.260 0.239 0.151 0.327 0.263 0.334 0.329   0.107 0.108 0.109 
Na2O 1.930 1.950 1.920 1.930 1.930 1.950 1.960 1.870 1.930 2.020 2.000 2.150 2.040 
K2O 0.038 0.046 0.051 0.041 0.043 0.048   0.041 0.051 0.033 0.039 0.051 
F       0.097 0.100 0.056 0.110 0.204 0.071 0.192  
Total 86.592 86.831 86.630 86.086 85.872 87.289 87.417 87.771 87.216 85.535 87.211 86.300 86.581 
T: Si 5.831 5.846 5.871 5.902 5.893 5.865 5.848 5.846 5.819 5.947 5.852 5.813 5.819 
Al 0.169 0.154 0.129 0.098 0.107 0.135 0.152 0.154 0.181 0.053 0.148 0.187 0.181 
X: Na 0.613 0.615 0.607 0.614 0.616 0.612 0.613 0.583 0.607 0.646 0.641 0.702 0.659 
Ca 0.044 0.045 0.045 0.042 0.027 0.057 0.045 0.057 0.057 0.000 0.019 0.019 0.019 
K 0.008 0.010 0.011 0.009 0.009 0.010 0.000 0.000 0.008 0.011 0.007 0.008 0.011 
Vac 0.335 0.331 0.337 0.336 0.348 0.321 0.341 0.360 0.327 0.343 0.333 0.270 0.311 
Y: Al 0.524 0.541 0.552 0.518 0.630 0.492 0.527 0.537 0.505 0.505 0.595 0.523 0.620 
Ti 0.063 0.068 0.069 0.069 0.041 0.070 0.082 0.080 0.070 0.089 0.044 0.043 0.034 
Fe 1.391 1.335 1.338 1.347 1.441 1.286 1.269 1.283 1.297 1.318 1.802 1.906 1.833 
Mg 0.832 0.817 0.771 0.802 0.606 0.919 0.880 0.860 0.931 0.800 0.338 0.358 0.298 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li 0.190 0.238 0.270 0.264 0.282 0.233 0.242 0.240 0.195 0.288 0.220 0.170 0.215 
Z: Al 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
V: OH 4.000 4.000 4.000 4.000 4.000 3.950 3.949 3.972 3.944 3.894 3.963 3.898 4.000 
W: F 0.000 0.000 0.000 0.000 0.000 0.050 0.051 0.028 0.056 0.106 0.037 0.102 0.000 
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Tourmaline continued 
 AU04 AU12 LE04 
EPMA code AU04_40 AU12_5 AU12_6 AU12_7 AU12_8 AU12_20 AU12_21 AU12_22 AU12_23 LE04_1 LE04_3 LE04_4 LE04_7 
SiO2 35.680 35.530 35.090 34.470 34.760 35.770 35.150 36.080 35.790 35.890 35.200 35.450 35.040 
TiO2 0.230 0.447 0.400 0.619 0.531 0.258 0.488 0.199 0.613 0.394 0.422 0.720 0.498 
Al2O3 35.150 34.390 34.970 34.890 34.640 35.770 34.870 35.760 34.690 35.160 35.100 34.830 34.900 
FeO 13.320 13.490 13.420 14.130 13.560 13.450 13.810 13.510 13.870 11.820 13.850 12.220 13.020 
MnO 0.174 0.145 0.146 0.100 0.181 0.143 0.193 0.128 0.173  0.179 0.204  
MgO 1.394 0.931 0.985 0.891 0.816 0.703 0.871 0.600 0.346 1.644 0.960 0.307 1.541 
CaO 0.119 0.110 0.179 0.145 0.107 0.048 0.110    0.135 0.129  0.260 
Na2O 2.120 1.880 1.960 2.030 2.000 1.720 2.060 1.540 2.180 1.680 1.950 2.560 1.900 
K2O 0.045 0.047 0.065 0.050 0.064 0.038 0.046  0.043 0.042 0.054 0.039 0.048 
F 0.123  0.089 0.123 0.091 0.190 0.268  0.304 0.000 0.217 0.803 0.000 
Total 88.355 86.970 87.304 87.448 86.750 88.091 87.866 87.817 88.009 86.765 88.061 87.134 87.208 
T: Si 5.831 5.885 5.804 5.731 5.797 5.847 5.805 5.893 5.881 5.884 5.798 5.858 5.783 
Al 0.169 0.115 0.196 0.269 0.203 0.153 0.195 0.107 0.119 0.116 0.202 0.142 0.217 
X: Na 0.672 0.604 0.629 0.654 0.647 0.545 0.660 0.488 0.695 0.534 0.623 0.820 0.608 
Ca 0.021 0.020 0.032 0.026 0.019 0.008 0.019 0.000 0.000 0.024 0.023 0.000 0.046 
K 0.009 0.010 0.014 0.011 0.014 0.008 0.010 0.000 0.009 0.009 0.011 0.008 0.010 
Vac 0.298 0.367 0.326 0.309 0.321 0.438 0.311 0.512 0.296 0.433 0.343 0.172 0.336 
Y: Al 0.601 0.598 0.621 0.567 0.605 0.739 0.592 0.777 0.599 0.678 0.611 0.641 0.572 
Ti 0.028 0.056 0.050 0.077 0.067 0.032 0.061 0.024 0.076 0.049 0.052 0.090 0.062 
Fe 1.820 1.869 1.856 1.965 1.891 1.839 1.907 1.845 1.906 1.621 1.908 1.689 1.797 
Mg 0.340 0.230 0.243 0.221 0.203 0.171 0.214 0.146 0.085 0.402 0.236 0.076 0.379 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li 0.211 0.247 0.230 0.170 0.234 0.219 0.226 0.207 0.335 0.250 0.193 0.506 0.189 
Z: Al 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
V: OH 3.936 4.000 3.954 3.935 3.952 3.902 3.860 4.000 3.842 4.000 3.887 3.580 4.000 
W: F 0.064 0.000 0.046 0.065 0.048 0.098 0.140 0.000 0.158 0.000 0.113 0.420 0.000 
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Tourmaline continued 
Sample LE04 
EPMA code LE04_8  LE04_12  LE04_13  
SiO2 36.260 35.300 36.080 
TiO2 0.754 0.533 0.651 
Al2O3 35.770 34.920 34.860 
FeO 12.080 12.700 12.270 
MnO 0.223 0.079 0.132 
MgO 0.413 1.353 0.420 
CaO 0.192 0.249 0.137 
Na2O 2.180 1.940 2.250 
K2O 0.039 0.057   
F 0.472 0.000 0.413 
Total 88.382 87.131 87.213 
T: Si 5.865 5.814 5.914 
Al 0.135 0.186 0.086 
X: Na 0.684 0.620 0.715 
Ca 0.033 0.044 0.024 
K 0.008 0.012 0.000 
Vac 0.275 0.325 0.261 
Y: Al 0.684 0.593 0.649 
Ti 0.092 0.066 0.080 
Fe 1.634 1.749 1.682 
Mg 0.100 0.332 0.103 
Mn 0.000 0.000 0.000 
Li 0.491 0.259 0.486 
Z: Al 6.000 6.000 6.000 
Mg 0.000 0.000 0.000 
B 3.000 3.000 3.000 
V: OH 3.758 4.000 3.786 
W: F 0.242 0.000 0.214 
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Topaz 
Sample AU06 
EPMA code AU06_16 AU06_17 AU06_18 AU06_20 AU06_21 AU06_27 
SiO2 32.410 32.690 32.760 31.960 32.460 32.380 
Al2O3 56.060 55.450 55.800 55.630 55.590 55.770 
F 20.620 21.080 20.100 20.210 20.410 20.770 
Total 109.090 109.220 108.660 107.800 108.460 108.920 
O = F 8.682 8.876 8.463 8.509 8.594 8.745 
H2O 2.511 2.254 2.776 2.581 2.556 2.397 
Total 99.663 99.270 99.799 98.680 99.199 99.292 
Si 0.791 0.800 0.798 0.788 0.796 0.793 
Al 1.612 1.600 1.602 1.616 1.606 1.609 
F 1.591 1.632 1.549 1.576 1.582 1.608 
OH 0.409 0.368 0.451 0.424 0.418 0.392 
F/(F+OH) 0.796 0.816 0.774 0.788 0.791 0.804 
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APPENDIX 3 
LA-ICP-MS data 
Muscovite 
Major elements in wt. %, trace elements in ppm.  Detection limits discussed in chapter six. Where no data are shown, 
analyses were below the detection limit.  
Sample LE08 
SiO2 46.110 45.960 45.760 45.570 45.790 45.640 45.840 45.980 46.190 45.000 45.600 46.110 46.190 45.940 
TiO2 0.347 0.687 0.367 0.570 0.525 0.471 0.591 0.490 0.356 0.310 0.575 0.347 0.468 0.455 
Al2O3 32.320 32.400 33.010 31.740 32.130 32.700 31.940 32.010 32.180 30.210 31.590 32.320 31.940 31.480 
FeO 3.010 2.910 2.650 3.760 3.130 2.960 3.590 3.440 3.680 5.330 3.300 3.010 3.480 3.330 
MnO    0.099  0.110 0.152  0.120 0.126 0.093    
MgO 1.388 1.310 1.279 1.528 1.474 1.468 1.560 1.462 1.607 2.020 1.534 1.388 1.418 1.509 
Na2O 0.703 0.713 0.693 0.694 0.677 0.680 0.523 0.723 0.637 0.541 0.583 0.703 0.556 0.621 
K2O 10.400 10.710 10.720 10.630 10.650 10.690 10.960 10.520 10.610 10.730 10.720 10.400 10.900 10.840 
F 2.340 1.330 2.090 1.920 2.080 2.070 1.630 2.150 2.250 2.280 1.920 2.340 1.080 1.650 
Total 96.619 96.019 96.569 96.511 96.457 96.789 96.786 96.806 97.630 96.548 95.915 96.619 96.032 95.824 
Sc 53.371 57.879 53.183 213.315 11.376 13.800 34.178 66.501 66.111 19.467 16.720 53.371 23.667 61.575 
V 1.918 15.532 1.516 35.890 5.841 2.864 13.831 8.589 4.891 9.210 7.957 1.918 6.592 23.100 
Cr  2.744  2.194 2.874 0.776 3.465 0.952  2.753 3.043  0.743 4.303 
Co 3.324 3.752 2.495 3.016 1.903 1.187 1.049 2.764 2.175 0.936 0.886 3.324 1.883 1.840 
Ni 2.138 3.426 2.200 4.260 4.098 1.089 0.994 2.545 2.515 1.152 0.482 2.138 1.247 1.726 
Cu           0.320    
Zn 110.522 129.939 99.792 108.947 165.547 118.738 78.493 92.944 98.122 97.065 92.170 110.522 122.696 89.754 
Rb 1994 1997 1786 1753 2087 2246 1834 1895 1944 2055 1980 1994 2079 1794 
Sr 1.687 1.773 2.194 2.212 1.474 1.304 2.103 2.235 2.106 1.702 1.614 1.687 1.593 1.922 
Y 0.059   0.528   0.071 0.046  0.046 0.022 0.059   
Zr 2.432 2.636 2.592 3.486 2.507 1.979 2.408 3.056 2.607 2.375 2.678 2.432 2.683 2.767 
Mo 0.713 0.759 0.687 0.813 1.441 1.387 1.410 0.694 0.679 1.242 1.213 0.713 0.965 0.687 
Ba 46.007 56.952 59.763 38.391 33.406 37.207 72.476 54.058 48.521 43.477 38.954 46.007 42.768 52.555 
Hf 0.465 0.463 0.436 0.546 0.492 0.512 0.402 0.531 0.475 0.544 0.552 0.465 0.513 0.432 
Pb 2.148 2.331 2.607 2.951 1.977 1.638 2.228 2.202 2.115 2.119 2.169 2.148 1.854 2.127 
Th    0.077      0.036     
U  0.029  0.251   0.027   0.022 0.043  0.066  
Li 2738 3262 2601 2238 4431 4022 2704 2955 3159 3418 3170 2738 3367 2783 
Ga 138.85 142.29 142.87 163.94 88.43 96.30 116.07 140.47 141.88 100.50 97.31 138.85 104.09 127.66 
Nb 137.08 169.27 172.72 187.22 104.90 131.38 150.63 161.88 165.10 137.02 131.07 137.08 126.43 155.26 
Ta 13.29 16.32 16.22 15.57 23.03 54.28 24.46 15.82 14.67 33.63 39.19 13.29 22.12 17.10 
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In 0.662 0.661 0.700 0.757 0.462 0.478 0.528 0.726 0.696 0.443 0.450 0.662 0.481 0.716 
Sn 45.11 48.53 52.12 53.24 75.10 82.40 68.12 50.53 57.40 77.94 71.48 45.11 66.82 47.84 
W 116.92 120.01 119.70 102.64 137.95 155.77 144.74 109.78 116.31 160.02 144.46 116.92 168.87 116.81 
 
Sample LE08 CL02 KT01 CN09 
SiO2 46.000 46.000 46.000 45.500 45.920 45.280 46.260 46.560 46.240 45.630 46.390 46.160 46.770 46.060 
TiO2 0.369 0.369 0.369 0.613 0.428 0.470 0.402 0.068 0.688 0.507 0.568 0.283 0.409 0.345 
Al2O3 33.600 33.600 33.600 33.230 33.810 32.470 34.050 33.150 33.570 33.350 31.630 33.040 33.910 32.740 
FeO 2.540 2.540 2.540 3.170 2.680 4.170 2.770 3.010 2.580 2.910 3.180 2.840 2.070 2.350 
MnO     0.134 0.186 0.078   0.102  0.130  0.025 
MgO 1.097 1.097 1.097 1.196 0.913 1.021 0.808 1.565 1.229 1.343 1.658 1.500 1.122 1.416 
Na2O 0.718 0.718 0.718 0.597 0.605 0.480 0.682 0.726 0.676 0.749 0.505 0.578 0.727 0.505 
K2O 10.700 10.700 10.700 10.910 10.700 10.930 10.700 10.460 10.540 10.430 10.810 10.750 10.600 11.010 
F 1.590 1.590 1.590 1.210 2.390 1.810 2.150 1.850 1.290 1.320 1.580 1.520 1.230  
Total 96.614 96.614 96.614 96.426 97.581 96.817 97.900 97.389 96.812 96.372 96.321 96.801 96.837 94.451 
Sc 17.697 13.389 39.106 9.319 5.123 7.874 5.584 5.735 10.924 14.706 12.714 15.312 69.337 31.694 
V 6.955 12.750 9.705 51.920 3.362 2.293 6.536 1.464 54.929 105.102 80.327 13.306 32.029 3.635 
Cr 2.016 4.099 0.967 31.109 2.464  4.631  19.251 77.374 72.475 1.362 4.231 0.415 
Co 1.186 0.933 1.254 0.524 2.092 2.331 2.762 4.091 2.554 3.779 4.486 4.355 3.474 2.642 
Ni 1.045 0.428 0.872  1.077 1.553 1.592 6.162 3.521 5.261 5.498 4.494 5.212 4.151 
Cu  0.351   4.103 2.220 1.618     0.334   
Zn 95.650 97.617 86.746 80.581 157.339 135.665 161.645 127.803 104.621 91.994 102.191 110.252 82.389 96.873 
Rb 1870 1936 1772 1790 2525 2233 2458 2259 1903 1983 1982 1946 1734 1858 
Sr 1.753 1.621 2.285 1.960 0.562 0.593 0.570 1.274 2.275 2.415 2.131 1.101 0.929 2.412 
Y  0.059 0.027   0.057      0.012   
Zr 1.874 2.371 2.724 1.584 2.733 2.361 2.289 1.832 2.032 2.330 2.244 2.245 3.196 2.183 
Mo 1.167 1.715 0.803 1.140 0.325 0.135  0.150 0.144 0.144  0.135 0.236 0.436 
Ba 60.995 81.946 60.512 153.306 11.755 9.450 12.070 54.646 214.934 203.904 193.240 42.324 22.015 50.388 
Hf 0.382 0.374 0.431 0.136 0.301 0.313 0.298 0.527 0.230 0.332 0.571 0.623 0.475 0.630 
Pb 1.947 1.979 2.328 2.039 1.658 1.605 1.565 1.554 1.876 1.873 1.914 1.556 1.689 2.134 
Th  0.024   0.106          
U 0.030 0.101  0.048 0.086 0.092  0.016     0.010  
Li 3141 3284 2676 2728 3002 2762 3224 2160 1516 1715 1776 1817 1336 1547 
Ga 99.00 92.36 120.03 88.05 133.52 130.59 126.91 102.15 105.87 108.91 104.24 117.44 155.13 139.94 
Nb 104.75 93.27 178.83 92.13 177.85 154.58 170.19 72.35 48.15 78.65 81.91 102.38 128.31 58.10 
Ta 25.09 45.77 23.45 19.90 16.86 13.28 17.17 26.67 16.86 47.26 70.69 19.10 10.79 11.35 
In 0.443 0.417 0.582 0.424 0.675 0.753 0.620 0.789 0.820 0.722 0.739 0.959 1.257 1.104 
Sn 73.87 87.66 60.86 79.86 68.52 53.57 64.83 74.95 67.16 64.03 60.87 46.34 51.56 65.99 
W 93.76 127.90 132.12 96.31 89.08 74.54 86.16 97.18 90.26 97.40 95.84 75.69 63.63 81.68 
Sample CN09 
SiO2 45.220 46.620 46.360 46.240 46.160 46.160 45.930 46.170 46.170 45.750 45.930 45.220 46.620 46.360 
TiO2 0.318 0.368 0.311 0.536 0.375 0.375 0.512 0.415 0.415 0.518 0.363 0.318 0.368 0.311 
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Al2O3 32.900 32.560 33.670 33.430 33.850 33.850 33.040 33.780 33.780 34.240 33.590 32.900 32.560 33.670 
FeO 2.410 2.070 1.910 2.000 1.870 1.870 1.840 1.920 1.920 1.710 2.200 2.410 2.070 1.910 
MnO 0.043 0.041 0.083  0.057 0.057  0.033 0.033 0.046 0.029 0.043 0.041 0.083 
MgO 1.491 1.770 1.285 1.329 1.287 1.287 1.337 1.252 1.252 0.993 1.354 1.491 1.770 1.285 
Na2O 0.542 0.576 0.537 0.530 0.610 0.610 0.570 0.602 0.602 0.590 0.535 0.542 0.576 0.537 
K2O 10.840 10.530 11.060 10.850 10.980 10.980 10.850 10.770 10.770 10.850 10.950 10.840 10.530 11.060 
F               
Total 93.763 94.567 95.221 94.915 95.190 95.190 94.079 94.949 94.949 94.698 94.951 93.763 94.567 95.221 
Sc 42.392 43.467 71.334 57.153 90.658 29.738 57.889 93.059 81.439 15.137 30.162 42.392 43.467 71.334 
V 2.400 9.450 24.541 12.236 15.121 38.351 49.637 17.666 12.970 52.920 72.077 2.400 9.450 24.541 
Cr  1.182 2.630 1.355 0.869 13.140 20.393 2.197 1.192 63.240 15.664  1.182 2.630 
Co 2.649 2.330 2.571 2.312 2.195 2.537 2.505 2.269 2.401 5.141 35.056 2.649 2.330 2.571 
Ni 3.498 2.967 3.322 2.323 2.921 2.486 3.726 2.485 2.669 10.392 53.580 3.498 2.967 3.322 
Cu    0.184     0.512 0.392 0.407    
Zn 88.689 81.007 91.015 79.595 72.802 89.744 69.245 67.294 66.957 172.828 1089.890 88.689 81.007 91.015 
Rb 1769 1765 1686 1668 1624 1847 1563 1607 1642 1587 3386 1769 1765 1686 
Sr 1.985 2.851 3.366 3.101 2.826 2.725 2.349 3.141 3.012 5.751 0.518 1.985 2.851 3.366 
Y    0.032      0.234     
Zr 2.024 2.398 2.800 2.671 2.531 2.650 2.157 2.542 2.625 1.675 1.147 2.024 2.398 2.800 
Mo 0.359 0.376 0.340 0.456 0.370 0.475 0.316 0.432 0.363 0.199 0.528 0.359 0.376 0.340 
Ba 39.559 54.494 49.886 47.182 56.458 47.658 55.519 63.407 60.439 147.206 38.914 39.559 54.494 49.886 
Hf 0.539 0.703 0.694 0.625 0.515 1.103 0.384 0.572 0.621 0.221 0.272 0.539 0.703 0.694 
Pb 1.924 2.435 2.898 2.621 2.611 2.453 2.082 2.657 2.574 3.104 2.814 1.924 2.435 2.898 
Th   0.008 0.009      0.053 0.012   0.008 
U   0.012  0.010    0.020 0.200 0.230   0.012 
Li 1394 1347 1348 1346 1264 1433 1163 1303 1283 1463 4439 1394 1347 1348 
Ga 144.85 152.68 164.25 157.81 172.41 137.70 135.14 167.55 168.78 108.29 118.88 144.85 152.68 164.25 
Nb 53.78 70.00 73.31 72.37 72.12 72.18 58.19 73.12 67.70 49.74 219.50 53.78 70.00 73.31 
Ta 9.46 13.49 11.39 12.55 8.99 47.78 4.75 9.64 8.88 8.94 24.10 9.46 13.49 11.39 
In 1.062 1.106 1.129 1.101 1.204 1.086 1.088 1.172 1.143 0.454 0.292 1.062 1.106 1.129 
Sn 58.95 70.98 64.76 69.52 58.81 84.68 54.38 60.44 60.01 51.64 44.98 58.95 70.98 64.76 
W 69.96 80.77 72.44 77.78 67.32 95.10 62.75 68.61 60.99 11.86 9.83 69.96 80.77 72.44 
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Trioctahedral micas 
 DT07 LE02 
SiO2 35.120 34.990 34.570 34.960 35.400 35.870 34.800 36.000 35.400 35.780 35.260 34.550 35.330 35.790 
TiO2 3.680 3.800 2.580 3.450 3.310 3.420 3.460 3.270 3.610 3.400 3.590 3.350 3.470 2.840 
Al2O3 18.470 18.360 19.130 18.530 18.600 18.770 18.520 18.730 18.200 18.110 17.890 18.620 18.280 20.230 
FeO 24.150 24.270 23.870 24.000 23.500 23.650 24.010 23.500 24.440 23.680 24.270 23.980 23.580 22.050 
MnO 0.522 0.552 0.548 0.573 0.610 0.550 0.585 0.593 0.633 0.652 0.513 0.629 0.637 0.136 
MgO 3.840 3.760 3.940 3.920 3.890 4.000 3.870 4.000 3.940 3.990 3.930 3.800 3.820 5.030 
CaO       0.049    0.026  0.040  
Na2O 0.101 0.098 0.096 0.104 0.098 0.092 0.166 0.101 0.178 0.207 0.123 0.239 0.167 0.219 
K2O 9.760 9.680 9.700 9.660 9.660 9.740 9.500 9.810 9.600 9.500 9.580 9.580 9.550 9.870 
F        0.217  0.366  0.220 0.353 0.151 
Total 95.643 95.510 94.434 95.197 95.067 96.092 94.960 96.221 96.002 95.685 95.183 94.968 95.227 96.316 
Sc 63.884 67.503 64.505 66.011 68.433 77.446 74.235 66.737 68.645 81.929 75.120 77.529 79.458 86.483 
V 199.391 200.912 196.808 195.386 178.448 185.577 188.161 177.241 194.223 190.990 203.275 184.122 192.943 494.282 
Cr 52.883 50.907 54.383 51.359 46.041 46.556 46.679 44.949 50.093 45.413 51.056 43.553 49.154 271.880 
Co 27.770 29.038 28.292 28.216 27.612 30.508 29.279 30.019 31.572 21.465 23.311 25.384 29.025 46.437 
Ni 14.790 15.949 15.107 13.520 16.438 16.027 13.504 14.713 15.204 11.640 13.070 13.437 14.288 84.638 
Cu 0.426 3.116 1.745 1.486 1.371 2.422 2.008 1.195 2.769 4.956 1.414 1.258 0.462 0.714 
Zn 545.44 574.39 570.02 409.29 367.62 452.89 436.23 499.86 512.92 581.43 570.65 608.86 572.49 436.00 
Rb 1958 1865 1682 1774 2379 1746 1765 1979 1826 1742 2487 1885 2148 2123 
Sr 0.180 0.405 0.276 0.292 0.268 0.294 0.288 0.199 0.362 0.941 0.368 0.483 0.357 0.831 
Y 0.020 0.856 0.218 0.154 0.336 1.484 0.018 0.015 0.286 2.121 0.388 0.713 0.034 0.221 
Zr 1.240 2.003 1.492 1.490 1.699 9.282  1.478 2.435 6.635 1.865 4.700 1.928 1.345 
Mo 0.604 1.022 0.927 0.697 0.443 1.100 1.064 0.627 1.142 0.896 0.692 0.753 0.906 0.418 
Ba 509.99 659.67 469.40 540.65 287.87 443.86 478.09 462.34 688.93 409.23 279.32 448.31 614.26 249.76 
Hf               0.119 
Pb 2.742 5.216 7.268 3.342 4.939 4.482 2.971 2.646 4.337 10.207 4.043 3.752 3.299 1.571 
Th  0.690 0.025 0.084 0.101 2.194   0.250 0.307 0.059 0.481    
U  5.541 0.343 0.420 0.313 2.117 0.013 0.019 0.721 3.778 0.673 1.404 0.035 0.034 
Li 3208 3087 3080 3089 3158 3277 3003 3592 3450 3356 2962 3444 3510 2067 
Ga 93.81 93.40 90.98 94.59 94.20 100.65 93.90 95.16 91.86 98.17 94.40 94.12 95.83 102.06 
Nb 220.72 252.31 197.34 214.84 226.21 229.10 228.82 250.70 198.50 283.99 246.05 264.42 231.50 181.83 
Ta 20.43 29.70 13.44 19.23 38.57 18.06 20.67 24.26 13.27 36.21 28.20 27.54 19.98 12.40 
In 0.457 0.437 0.457 0.424 0.499 0.462 0.422 0.382 0.424 0.437 0.455 0.462 0.459 0.277 
Sn 62.98 57.42 55.00 70.45 96.62 65.69 67.32 62.48 63.22 65.97 59.07 66.00 61.48 35.24 
W 7.74 12.63 5.78 6.90 11.86 7.71 6.84 7.34 7.46 13.05 13.37 8.47 9.28 12.06 
La  0.303 0.084 0.045 0.135 0.481 0.007 0.010 0.164 0.649 0.113 0.081 0.014 0.704 
Ce  0.560 0.210 0.144 0.355 1.404 0.010 0.012 0.514 1.781 0.242 0.196 0.042 2.110 
Pr  0.109 0.030 0.022 0.047 0.161   0.054 0.254 0.048 0.024 0.005 0.197 
Nd  0.530 0.119 0.107 0.166 0.624   0.256 1.100 0.214 0.113 0.024 0.572 
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Sm  0.182 0.024 0.028 0.044 0.110   0.067 0.319 0.081 0.048    
Eu  0.016  0.013 0.007  0.007  0.012 0.019   0.007  
Gd  0.138  0.039 0.046 0.133   0.052 0.262 0.082 0.107    
Tb  0.031 0.014  0.008 0.035    0.075 0.011 0.015    
Dy  0.157 0.047 0.026 0.049 0.233   0.057 0.432 0.078 0.099 0.012 0.054 
Ho  0.030 0.007 0.008 0.015 0.059   0.013 0.104 0.011 0.025   0.010 
Er  0.108 0.022 0.017 0.035 0.164   0.018 0.287 0.039 0.088    
Tm  0.010   0.004 0.032   0.006 0.050 0.007 0.026    
Yb  0.101 0.052 0.021 0.025 0.220  0.011 0.027 0.439 0.049 0.132   0.046 
Lu  0.018   0.006 0.048    0.048 0.005 0.020    
 
Sample LE02 CN09 LE08 CL02 
SiO2 36.260 36.300 36.000 35.950 35.510 35.300 35.300 36.190 35.570 37.450 37.430 37.660 38.070 39.160 
TiO2 2.900 3.060 2.560 2.340 2.240 2.470 2.470 2.070 2.700 2.870 2.950 1.880 1.167 1.189 
Al2O3 19.570 19.840 20.370 20.210 19.670 19.510 19.510 20.490 20.380 21.430 21.280 22.470 22.850 24.220 
FeO 21.200 20.580 20.800 20.260 20.870 21.290 21.290 21.160 20.890 19.590 18.450 17.810 13.750 17.100 
MnO 0.100 0.166 0.405 0.452 0.389 0.455 0.455 0.434 0.345 0.447 0.451 0.471 0.142 0.599 
MgO 6.060 5.840 5.070 5.260 5.370 5.350 5.350 5.400 4.970 3.070 3.110 3.230 1.934 2.200 
CaO  0.025   0.007 0.022 0.022 0.018 0.006     0.035 
Na2O 0.224 0.250 0.219 0.182 0.088 0.138 0.138 0.228 0.151 0.308 0.276 0.256 0.581 0.219 
K2O 9.720 9.830 9.760 9.670 9.690 9.820 9.820 9.710 9.850 9.930 9.540 10.060 10.780 9.800 
F 0.730 0.998        1.420 1.310 1.470 1.680 1.840 
Total 96.764 96.890 95.184 94.324 93.834 94.356 94.356 95.700 94.862 96.515 94.798 95.307 90.955 96.362 
Sc 62.192 63.793 23.975 28.803 31.228 34.931 39.782 25.716 38.006 123.552 103.594 81.376 34.113 58.661 
V 434.86 369.19 147.30 149.94 178.19 248.82 282.66 261.13 260.99 911.001 846.180 189.099 30.294 178.473 
Cr 295.72 220.19 97.61 56.40 110.40 265.85 220.25 315.85 277.88 35.153 41.775 43.107 7.388 203.872 
Co 47.489 53.519 25.670 29.608 29.307 33.247 32.352 31.572 26.960 7.196 7.632 16.267 6.255 15.922 
Ni 70.808 79.154 60.323 65.641 63.968 66.269 69.515 61.681 66.700 32.646 34.587 30.518 20.284 27.764 
Cu 0.334 1.209 0.190 0.235 0.344 0.549 0.709 0.455 0.317 0.604 3.074 0.465 14.246 10.973 
Zn 438.25 414.85 865.062 787.946 776.980 867.126 800.821 780.052 733.652 306.308 230.917 475.465 373.127 928.463 
Rb 1919 1397 2547 2602 2654 1807 2375 1564 1582 2912 2048 3029 4462 3661 
Sr 0.990 1.205 0.543 0.641 0.599 0.863 0.723 0.774 0.604 0.786 2.532 0.783 0.590 1.373 
Y 2.247 0.932  0.137  1.020  0.008 1.386 0.209 3.029 0.251 0.040 0.439 
Zr 1.133 2.495 0.798 2.299 1.073 1.238 1.073 0.854 238.860 4.505 52.519 2.454 1.907 4.059 
Mo 0.868 0.421 0.628 0.533 0.504 0.427 0.575 0.481 0.393 1.818 1.191 1.246 0.216 0.329 
Ba 1076.81 353.68 25.116 21.019 35.603 981.614 28.657 1041.053 306.999 143.463 150.492 39.231 31.517 149.250 
Hf 0.108 0.225 0.152 0.207 0.167 0.181 0.162 0.166 6.222 0.369 2.284 0.326 0.178 0.362 
Pb 1.836 2.969 2.618 2.573 2.824 3.627 3.247 3.157 2.661 2.088 2.203 2.660 1.196 3.518 
Th 0.251 0.298  0.027  0.023   0.189 0.823 1.901 0.072 0.035 0.044 
U 0.343 0.371  0.226 0.019 0.056 0.014  1.710 2.169 22.936 0.374 0.254 0.586 
Li 1987 2202 3282 3072 2966 3097 2888 3127 2986 4827 3230 6150 6694 6593 
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Ga 82.18 85.01 85.99 87.19 89.74 96.35 99.81 88.99 102.57 117.86 122.68 113.47 108.38 113.32 
Nb 205.25 228.32 171.22 170.05 165.29 123.06 155.94 98.21 119.34 217.23 158.70 502.93 228.41 137.29 
Ta 17.38 18.98 12.74 12.53 13.67 6.51 9.98 4.35 6.18 12.74 7.84 43.29 25.83 6.25 
In 0.285 0.289 0.212 0.204 0.186 0.170 0.182 0.215 0.210 0.239 0.251 0.224 0.426 0.271 
Sn 32.97 33.32 40.19 35.84 34.77 34.12 32.29 33.90 35.02 67.23 63.15 48.92 85.22 50.16 
W 11.21 3.29 4.39 4.96 5.79 2.39 3.86 1.72 2.18 27.80 19.41 36.37 52.23 13.30 
La 1.416 0.812    0.098 0.009   0.464 0.282 0.291 0.014  
Ce 4.045 2.946  0.018 0.007 0.336 0.030  0.024 1.304 0.596 0.550 0.038  
Pr 0.571 0.379    0.054    0.172 0.101 0.048   
Nd 2.631 1.290  0.044  0.310 0.031   0.465 0.502 0.164   
Sm 0.792 0.300 0.029   0.108   0.087 0.149 0.129    
Eu   0.010 0.018   0.013 0.008       
Gd 0.983 0.215    0.148     0.332    
Tb 0.145 0.033    0.026     0.058 0.022   
Dy 0.695 0.149    0.195   0.108  0.497 0.071   
Ho 0.095 0.023    0.043   0.049  0.101 0.022   
Er 0.156 0.144    0.085   0.240  0.344 0.045   
Tm 0.017 0.016    0.012  0.003 0.052  0.059 0.015  0.007 
Yb 0.093 0.104  0.047 0.043 0.098  0.025 0.347  0.539 0.083   
Lu      0.010   0.073  0.086    
 
Sample CL02 AU12 AU06 
SiO2 39.160 38.850 45.890 45.010 46.860 45.320 46.090 46.320 46.820 48.320 45.790 49.080 49.110 47.030 
TiO2 1.189 1.443 0.487 0.510 0.335 0.254 0.426 0.391 0.370 0.264 0.369 0.348 0.318 0.302 
Al2O3 24.220 22.950 24.620 22.350 23.410 21.730 22.710 22.150 25.270 20.710 21.730 20.350 20.330 21.320 
FeO 17.100 16.980 8.900 11.000 7.910 11.650 9.870 9.700 7.390 9.610 10.560 9.510 9.200 10.570 
MnO 0.599 0.630 0.100 0.135 0.041 0.138 0.112 0.091 0.036 0.118 0.576 0.163 0.126 0.142 
MgO 2.200 2.590 1.097 1.276 1.106 1.123 0.972 1.085 1.047 0.378 0.466 0.421 0.507 0.413 
CaO 0.035  0.001 0.011 0.003 0.014 0.031  0.070      
Na2O 0.219 0.223 0.122 0.255 0.204 0.225 0.151 0.106 0.334 0.268 0.390 0.249 0.218 0.270 
K2O 9.800 10.160 10.980 10.290 10.350 10.690 10.620 10.920 10.260 10.350 10.210 10.380 10.470 10.390 
F 1.840 2.590 4.880 6.280 5.520 6.560 6.030 6.120 4.260 7.480 7.160 7.710 8.060 7.110 
Total 96.362 96.416 97.077 97.117 95.739 97.705 97.011 96.883 95.857 97.498 97.251 98.211 98.337 97.546 
Sc 58.661 55.686 46.971 61.918 50.648 25.047 49.651 55.368 62.446 23.815 24.883 21.555 21.405 16.977 
V 178.473 110.942 13.930 17.373 15.997 12.342 13.230 14.954 17.072 2.882 3.178 6.468 9.439 3.218 
Cr 203.872 58.682 1.913 2.717 3.797 4.736 1.543 2.271 3.545 0.499 0.855 3.842 8.302 1.899 
Co 15.922 16.143 0.775 1.287 1.543 0.916 0.745 0.806 1.089 0.116 0.178  0.076 0.148 
Ni 27.764 26.353 0.883 0.470 1.227 1.253 1.503 1.319 1.160 0.251 0.233 0.304 0.309 0.144 
Cu 10.973 65.293 1.316 1.035 1.239 0.439 0.897 0.957 1.099   0.365 0.446 0.565 
Zn 928.463 605.331 71.735 64.243 75.131 77.547 84.417 83.672 107.261 75.625 215.007 35.901 65.911 26.254 
Rb 3661 3680 6101 5590 5684 4702 6310 6176 5785 8596.349 8290.810 8998.763 9377.117 8948.215 
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Sr 1.373 1.997 1.475 0.712 1.021 0.802 2.015 1.112 0.948 0.080  0.168 0.075 0.092 
Y 0.439 3.287 0.150 0.077 0.141  0.160 0.069 0.054   0.014   
Zr 4.059 2.300 1.345 0.834 2.035 0.283 1.010 1.133 0.750 0.278 0.221 0.203 0.206 0.201 
Mo 0.329 0.199 0.114 0.171   0.131 0.137   0.119 0.075    
Ba 149.250 30.152 29.243 18.221 39.709 30.639 21.083 34.808 30.318 1.761 1.860 2.096 2.362 2.875 
Hf 0.362 0.160 0.156 0.097 0.228  0.144 0.123 0.079 0.075 0.035 0.037  0.048 
Pb 3.518 8.077 0.882 0.268 0.298 0.192  0.421 0.376 0.169 0.164 0.233 0.127 0.222 
Th 0.044 1.572 0.105 0.041 0.042  0.077 0.044 0.033      
U 0.586 2.665 0.302 0.175 0.303 0.061 0.290 0.237 0.224 0.009  0.035 0.061 0.021 
Li 6593 7756 16742 15561 18045 15977 17011 17320 17991 22982 20625 22958 23953 22573 
Ga 113.32 113.45 104.23 112.63 112.26 70.62 98.29 110.34 128.22 82.21 78.36 80.01 86.21 87.24 
Nb 137.29 204.74 160.22 101.49 96.20 66.23 105.83 115.80 101.97 120.44 166.58 60.14 74.36 37.69 
Ta 6.25 12.53 17.97 9.35 9.66 6.06 9.72 11.99 9.73 27.49 23.26 4.98 11.96 3.75 
In 0.271 0.369 0.933 0.786 1.467 0.314 0.745 1.330 1.501 0.157 0.178 0.164 0.173 0.212 
Sn 50.16 50.19 105.80 86.83 130.98 50.00 93.38 111.09 119.30 14.81 14.64 11.39 11.96 10.02 
W 13.30 18.75 168.52 134.17 140.52 47.59 213.69 174.79 158.07 239.62 209.42 188.27 201.26 143.54 
La   0.109 0.010 0.010  0.131 0.048 0.019      
Ce   0.259 0.025 0.022  0.318 0.085 0.048  0.006    
Pr   0.047 0.006   0.041  0.007      
Nd   0.174    0.130 0.097        
Sm   0.049        0.026     
Eu                
Gd            0.037    
Tb   0.006             
Dy   0.042    0.030       0.024  
Ho   0.006        0.004     
Er   0.027  0.017           
Tm 0.007      0.006         
Yb     0.037           
Lu     0.010           
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Plagioclase 
Sample LE08 CL02 LE02 AU06 
SiO2 68.200 67.910 68.660 68.660 68.870 66.310 68.000 64.720 65.530 62.550 67.240 68.950 68.470 67.910 
Al2O3 19.310 19.520 19.730 19.730 19.800 21.160 19.570 22.160 21.070 23.350 20.900 19.850 19.670 20.350 
CaO 0.071 0.235 0.170 0.170 0.175 1.820 0.191 2.980 1.880 4.310 1.590 0.120 0.139 0.351 
Na2O 11.220 10.970 11.040 11.040 11.090 9.950 10.840 9.310 10.010 8.350 10.090 11.020 10.970 10.520 
K2O 0.126 0.094 0.073 0.073 0.130 0.239 0.062 0.064 0.096 0.388 0.035  0.132 0.210 
Total 98.927 98.728 99.673 99.673 100.064 99.479 98.745 99.264 98.586 98.948 99.888 99.962 99.417 99.402 
Rb 283.672 451.539 519.180 519.180 234.187 1238.383 2.312 2.771 252.060 2.433 132.295 90.765 52.514 10.437 
Sr 70.373 65.309 79.484 79.484 57.340 103.270 319.346 220.241 224.526 292.531 153.759 195.968 12.356 6.775 
Ba 36.543 16.591 30.760 30.760 6.600 35.530 32.480 18.624 18.095 23.713 8.855 15.184 11.983 1.562 
Pb 1.722 1.226 1.862 1.862 16.599 4.656 30.399 26.055 3.456 27.788 8.578 3.920 5.096 6.889 
Li 58.993 93.842 17.987 17.987 79.550 698.785 7.724 13.029 410.746 9.602 40.356 7.168 26.677 1.786 
Ga 39.78 33.09 39.09 39.09 30.78 45.94 37.95 36.74 38.76 35.64 34.73 28.84 39.13 54.70 
Nb 0.716 1.433 1.210 1.210 0.502 0.336   0.023  0.209 0.083 0.269 0.059 
Ta 0.141 0.218 0.178 0.178 0.060    0.009  0.084 0.047 0.039 0.010 
In         0.007 0.003 0.085   0.002 
Sn 32.03 29.35 17.79 17.79 15.08 11.94 9.07 9.07 10.55 6.24 10.74 7.39 10.12 7.85 
W 0.203 0.345 0.186 0.186 0.846 0.754   0.337  0.670 0.762 1.449 0.110 
La 3.029 3.309 5.508 5.508 2.570 18.355 15.702 12.155 8.747 13.146 7.059 9.558 1.004 0.027 
Ce 6.750 5.621 10.043 10.043 4.424 28.606 27.600 22.240 16.910 23.451 12.084 16.549 1.283 0.029 
Pr 0.817 0.652 1.002 1.002 0.435 2.570 2.495 1.986 1.771 2.131 1.116 1.504 0.096  
Nd 3.383 2.413 2.917 2.917 1.348 7.488 7.704 5.795 5.476 6.098 3.305 5.046 0.185  
Sm 0.916 0.434 0.513 0.513 0.405 1.227 1.079 0.857 0.892 0.896 0.564 0.642   
Eu 0.302 0.334 0.530 0.530 0.413 1.105 2.610 1.606 1.111 2.364 0.879 0.708 0.044  
Gd 0.599 0.287 0.364 0.364 0.348 0.472 0.484 0.394 0.404 0.522 0.319 0.407   
Tb 0.106 0.054 0.051 0.051 0.051 0.047 0.045 0.039 0.047 0.068 0.025 0.044  0.006 
Dy 0.483 0.248 0.151 0.151 0.295 0.179 0.253 0.230 0.214 0.176 0.165 0.212   
Ho 0.070 0.036 0.020 0.020 0.042 0.019 0.034 0.041 0.020 0.041 0.025 0.026   
Er 0.190 0.057   0.120 0.041 0.097 0.068 0.033 0.068  0.060   
Tm 0.017 0.014   0.014 0.013 0.016  0.010   0.018   
Yb 0.168    0.111  0.066        
Lu              0.008 
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Plagioclase continued 
Sample AU06 AU12 KT01 
SiO2 68.490 68.690 68.650 67.830 68.170 68.120 68.540 68.090 68.610 67.980 64.740 67.560 67.720 65.200 
Al2O3 19.790 19.410 19.560 20.670 20.110 19.670 19.540 19.290  19.380 21.780 19.790 19.530 22.040 
CaO 0.207 0.183 0.072 0.588 0.146 0.192 0.210 0.146 0.165 0.111 2.540 0.452 0.309 2.480 
Na2O 10.980 11.000 10.980 10.710 10.870 10.780 11.000 10.970 11.580 11.120 9.420 10.780 10.840 9.420 
K2O 0.147 0.140 0.135 0.144 0.098 0.161 0.188 0.124 0.127 0.116 0.402 0.113 0.092 0.176 
Total 99.631 99.441 99.420 99.990 99.393 98.923 99.477 98.620 100.272 98.707 98.882 98.695 98.491 99.324 
Rb 31.276 15.069 11.718 39.746 38.525 10.755 30.584 110.529 347.533 149.814 642.809 491.439 314.254 673.354 
Sr 55.246 17.190 19.606 15.435 10.441 46.211 37.618 39.582 35.574 30.862 307.738 57.050 120.740 209.463 
Ba 282.575 4.579 2.627 10.352 26.758 2.796 2.721 2.697 6.900 2.534 196.949 42.918 19.498 198.271 
Pb 6.070 8.306 8.738 2.960 4.352 3.943 1.971 1.755 2.154 1.666 5.984 8.079 4.711 5.614 
Li 37.725 43.961 28.229 33.992 4.570 176.742 11.656 122.023 373.644 140.585 74.299 87.193 24.346 16.440 
Ga 40.12 41.79 39.03 42.90 60.60 44.91 29.73 31.77 37.38 29.78 27.55 78.55 36.21 26.09 
Nb 2.744 0.421 0.084 0.889 1.648 0.148 0.167 0.773 3.315 1.932 0.075 0.576 0.229 0.103 
Ta 0.281 0.937 0.043 0.059 0.068 0.035 0.053 0.075 0.321 0.119 0.009 0.103 0.044  
In   0.018     0.013  0.124     
Sn 7.67 8.93 14.77 8.93 6.61 10.56 12.19 20.02 29.85 13.63 8.13 37.72 13.26 11.13 
W 11.608 1.763 0.786 1.150 1.159 0.209 0.422 2.116 4.830 2.568 0.065 2.757 0.663 0.214 
La 1.045 1.780 0.032 0.731 0.060 1.835 0.255 1.857 0.716 1.442 4.051 0.554 4.226 20.198 
Ce 1.373 2.339 0.045 1.069 0.079 2.906 0.296 3.638 1.184 2.983 8.521 1.066 6.543 36.715 
Pr 0.118 0.158  0.078   0.280 0.042 0.328 0.108 0.319 0.912 0.129 0.784 3.718 
Nd 0.274 0.409  0.288   0.666 0.067 0.857 0.279 1.131 3.445 0.330 2.486 11.809 
Sm       0.165  0.170 0.065 0.285 0.872  0.689 2.388 
Eu 0.043 0.154  0.040   0.179 0.038 0.075 0.038 0.086 0.736 0.139 0.851 1.676 
Gd 0.035 0.064       0.205 0.049 0.298 0.556 0.104 0.745 1.277 
Tb       0.016 0.013 0.031 0.014 0.054 0.080 0.013 0.102 0.179 
Dy  0.022     0.069  0.248 0.102 0.302 0.360  0.627 0.646 
Ho 0.004      0.017  0.059 0.022 0.043 0.051  0.116 0.084 
Er         0.167 0.086 0.154 0.101  0.227 0.169 
Tm         0.025 0.009 0.023 0.008  0.039 0.021 
Yb       0.052 0.060 0.210 0.103 0.189 0.034  0.471 0.084 
Lu         0.029 0.014 0.020 0.010  0.040  
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Plagioclase continued 
Sample CN09 DT07 
SiO2 63.000 63.760 63.420 63.250 64.030 62.480 62.690 61.460 63.240 67.140 67.140 62.040 63.100 63.710 
Al2O3 22.540 22.360 22.290 22.670 21.870 22.670 21.190 23.330 22.980 20.230 20.040 23.290 23.000 22.640 
CaO 4.150 3.450 3.460 3.820 3.120 3.950 2.600 4.720 4.040 0.797 1.101 4.120 4.220 3.650 
Na2O 8.420 8.950 8.980 8.720 9.090 8.980 8.980 7.440 8.530 10.540 10.410 8.550 8.590 8.810 
K2O 0.331 0.297 0.341 0.417 0.439 0.409 0.418 0.748 0.415 0.203 0.095 0.437 0.387 0.473 
Total 98.472 98.817 98.507 98.877 98.549 98.489 95.878 97.803 99.205 98.910 98.787 98.437 99.297 99.283 
Rb 11.590 6.221 2.664 179.140 101.308 4.383 321.680 24.937 242.850 848.017 725.696 110.730 39.109 835.404 
Sr 202.790 93.081 207.525 213.638 210.887 62.867 312.071 158.296 264.583 61.405 22.342 219.387 29.418 24.862 
Ba 21.443 2.320 6.646 90.355 48.954 1.661 72.699 5.787 66.160 128.523 171.530 18.231 7.356 32.712 
Pb 38.163 29.523 35.254 15.500 24.560 24.521 1.277 33.062 13.366 75.641 48.074 4.908 19.651 41.742 
Li 30.376 10.962 3.872 109.665 36.695 2.382 47.420 9.899 72.119 12.946 6.936 414.940 64.350 16.178 
Ga 37.45 38.20 36.68 36.01 35.43 35.84 25.07 37.79 36.67 22.47 19.66 32.44 28.40 20.10 
Nb 0.301             2.077 0.018 
Ta 0.247  0.008      0.012     0.206 0.021 
In              0.005 
Sn 7.63 8.57 7.01 7.97 7.74 9.31 7.37 8.26 8.32 13.53 20.77 11.84 11.13 17.53 
W 0.069 0.052  0.040     0.055 0.042 0.235 0.135 0.254 0.132 
La 7.657 3.274 6.083 5.878 6.587 2.290 5.826 5.782 8.948 1.091 1.133 10.320 1.480 1.996 
Ce 13.911 5.572 10.903 11.115 12.082 3.670 10.626 9.702 15.416 1.862 1.170 17.936 2.331 0.948 
Pr 1.233 0.496 0.974 0.899 1.037 0.300 1.006 0.812 1.458 0.230 0.096 1.656 0.255 0.493 
Nd 3.641 1.343 2.845 2.712 2.914 0.835 3.369 2.362 4.249 0.926 0.261 5.076 0.781 1.989 
Sm 0.680 0.294 0.552 0.410 0.520 0.122 0.532 0.400 0.737 0.328  0.821 0.150 0.402 
Eu 1.480 0.515 1.293 1.476 1.432 0.372 1.351 0.992 2.073 0.480 0.191 1.767 0.220 0.187 
Gd 0.354 0.105 0.279 0.240 0.274 0.103 0.287 0.250 0.316 0.370  0.564 0.104 0.256 
Tb 0.037 0.019 0.035 0.020 0.034  0.027 0.032 0.036 0.052 0.016 0.076 0.017 0.045 
Dy 0.207  0.130 0.106 0.132 0.051 0.105 0.132 0.165 0.225  0.373 0.114 0.181 
Ho 0.031 0.017 0.016 0.013 0.011  0.013 0.017 0.020 0.038  0.062 0.020 0.036 
Er 0.059 0.033 0.022 0.029  0.022 0.039 0.033 0.043 0.072  0.147 0.039 0.080 
Tm 0.009 0.006        0.006  0.022 0.006 0.015 
Yb 0.053   0.030      0.028 0.049 0.130  0.074 
Lu 0.010            0.010  0.026 
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Plagioclase continued 
Sample DT07 
SiO2 65.870 63.630 63.560 64.280 
Al2O3 21.120 22.270 22.680 22.750 
CaO 1.920 0.852 3.790 0.374 
Na2O 9.820 9.150 8.630 9.070 
K2O 0.595 1.520 0.396 2.020 
Total 99.325 97.422 99.056 98.494 
Rb 66.359 68.052 116.558 63.519 
Sr 29.069 136.075 74.320 84.713 
Ba 5.709 26.993 8.676 29.195 
Pb 23.959 2.769 1.562 1.995 
Li 20.745 15.662 44.266 19.860 
Ga 27.32 29.10 29.53 22.57 
Nb 0.082 0.017 0.080 0.129 
Ta 0.056  0.023 0.036 
In     
Sn 12.28 11.70 10.37 9.35 
W 0.049 0.105 0.191 0.277 
La 4.947 8.043 5.525 2.855 
Ce 9.105 14.080 9.406 5.399 
Pr 1.087 1.433 1.040 0.557 
Nd 4.430 4.341 2.826 1.838 
Sm 0.719 0.803 0.418 0.385 
Eu 0.229 0.715 0.365 0.346 
Gd 0.435 0.582 0.322 0.276 
Tb 0.051 0.071 0.037 0.044 
Dy 0.189 0.314 0.241 0.215 
Ho 0.034 0.059 0.040 0.038 
Er 0.086 0.144 0.128 0.084 
Tm  0.013 0.018 0.007 
Yb 0.102 0.135 0.090 0.070 
Lu 0.010  0.020 0.012 
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Alkali feldspar 
 LE08 CL02 LE02 AU06 
SiO2 65.020 65.380 64.820 64.990 64.830 64.980 64.810 64.890 64.900 65.190 64.890 64.740 64.760 64.690 
Al2O3 18.480 18.660 18.510 18.650 18.530 18.650 18.730 18.750 18.170 18.480 18.590 18.610 18.690 18.950 
CaO 0.026  0.032          0.056 0.060    
Na2O 1.065 1.047 0.621 1.266 1.185 0.884 0.426 1.730 0.315 0.279 1.720 1.410 0.634 0.755 
K2O 15.990 16.070 16.700 15.290 15.510 16.130 16.710 14.800 16.670 16.760 14.820 15.210 16.360 16.220 
Total 100.6 101.2 100.7 100.2 100.1 100.6 100.7 100.2 100.1 100.7 100.1 100.1 100.4 100.7 
Rb 1182.3 871.8 791.6 941.2 893.8 757.1 1212.4 1077.0 749.8 880.4 532.1 510.7 2742.2 1784.0 
Sr 95.274 89.444 100.502 95.349 82.005 86.635 40.140 56.104 77.280 52.090 260.610 181.885 10.068 21.925 
Ba 352.5 226.9 429.7 546.4 441.6 1065.7 174.5 164.6 161.4 130.3 2596.2 234.6 18.4 42.8 
Pb 76.221 69.972 71.858 46.914 77.376 63.673 43.992 44.239 93.412 49.998 64.065 51.533 13.625 7.429 
Li 54.685 7.054 6.438 9.107 9.387 7.635 3.374 3.035 6.731 14.847 6.923 4.801 19.758 11.361 
Ga 18.67 20.57 19.04 16.79 18.71 17.94 15.64 17.73 16.14 18.70 15.35 21.08 37.06 33.25 
Nb    0.044      0.080 0.047 0.023   0.157 0.039 
Ta   0.015   0.024  0.026 0.043 0.036 0.023   0.024 0.023 
In           0.046 0.001 0.003  
Sn 17.26 17.58 18.28 41.19 19.14 20.00 12.60 12.09 8.79 14.17 11.64 8.92 9.17 8.35 
W    1.089 0.115 0.441   0.232 0.135 0.152   0.288 0.110 
La 0.906 1.551 1.349 1.384 1.501 1.216 0.311 0.620 1.448 0.699 2.063 0.784 0.033 0.102 
Ce 0.830 2.243 1.162 1.149 1.236 1.174 0.252 0.562 1.630 0.642 1.996 0.755 0.043 0.103 
Pr 0.055 0.188 0.059 0.037 0.060 0.055 0.020 0.024 0.089 0.042 0.095 0.046    
Nd 0.148 0.430 0.121  0.124 0.099  0.086 0.286 0.097 0.150 0.097    
Sm          0.075         
Eu 0.718 0.702 0.861 0.597 0.667 0.595 0.172 0.350 0.507 0.354 2.271 1.592 0.018   
Gd              0.043    
Tb                   
Dy                   
Ho           0.012       
Er  0.033                 
Tm              0.007    
Yb     0.065              
Lu                   
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Alkali feldspar continued 
Sample KT01 CN09 
SiO2 64.620 63.660 63.660 64.540 64.950 65.180 64.530 64.850 63.790 64.960 65.090 65.050 64.980 
Al2O3 18.810 18.230 18.230 18.900 18.700 18.740 18.420 18.710 18.510 18.680 18.150 18.820 18.220 
CaO  0.064 0.064    0.015 0.014 0.013 0.009 0.020 0.039 0.034 0.092 
Na2O 0.838 0.228 0.228 0.847 0.945 2.490 3.040 1.325 0.598 1.380 2.040 1.990 0.573 
K2O 16.150 16.820 16.820 15.780 15.790 13.350 13.040 15.410 16.580 15.330 14.370 13.990 15.790 
Total 100.4 99.0 99.0 100.1 100.4 99.8 99.1 100.3 99.5 100.4 99.7 99.9 99.7 
Rb 960.2 635.8 607.9 831.9 733.0 869.3 708.5 830.5 799.2 837.2 677.9 779.0 572.0 
Sr 29.821 83.219 89.200 275.893 270.126 91.115 159.784 68.840 57.598 68.549 96.330 45.036 403.536 
Ba 122.2 335.3 317.2 2221.7 2213.7 188.0 805.1 83.6 28.3 108.7 266.4 28.4 153.1 
Pb 38.698 59.922 64.506 98.736 87.918 71.794 81.645 69.999 66.488 73.607 80.048 60.564 5.140 
Li 20.432 9.295 11.066 11.365 10.289 12.182 7.795 9.639 9.163 9.793 8.009 10.066 672.861 
Ga 19.68 14.47 15.78 15.22 13.49 19.74 16.54 20.78 21.98 22.59 18.02 22.93 39.37 
Nb    0.371            
Ta   0.010 0.273 0.019  0.016   0.006     
In              
Sn 15.59 9.43 10.17 16.15 11.08 14.00 12.10 14.94 13.32 13.93 11.61 12.68 7.77 
W    1.100       0.042     
La 0.237 0.487 0.601 1.530 1.223 0.350 1.355 0.432 0.424 0.488 0.728 0.389 20.269 
Ce 0.238 0.414 0.546 1.401 1.086 0.296 1.129 0.391 0.391 0.435 0.905 0.430 45.142 
Pr 0.009 0.013 0.017 0.069 0.051 0.015 0.058 0.020 0.011 0.022 0.062 0.020 5.208 
Nd  0.036  0.138 0.123  0.099  0.073 0.053 0.153 0.194 19.619 
Sm            0.085  3.799 
Eu 0.174 0.534 0.653 2.234 1.799 0.697 1.362 0.472 0.359 0.560 0.725 0.284 4.869 
Gd            0.101  1.978 
Tb            0.016  0.176 
Dy             0.075 0.597 
Ho            0.014 0.015 0.077 
Er            0.043  0.144 
Tm             0.009   
Yb  0.016            0.057 
Lu                
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Alkali feldspar continued 
Sample DT07 
SiO2 64.280 64.660 63.950 64.240 64.730 64.830 64.340 63.470 
Al2O3 18.040 18.410 18.060 18.380 18.310 18.350 18.370 17.970 
CaO   0.036    0.036 0.074 
Na2O 0.388 0.305 0.861 0.570 0.549 0.685 0.404 0.291 
K2O 16.890 17.080 15.970 16.340 16.640 16.490 16.770 16.740 
Total 99.6 100.5 98.9 99.5 100.2 100.4 99.9 98.5 
Rb 825.8 856.4 897.3 654.5 660.3 511.2 810.6 938.9 
Sr 23.259 27.661 34.738 72.065 112.674 71.886 33.536 32.143 
Ba 68.5 70.4 199.6 165.2 1041.3 267.4 134.4 90.3 
Pb 42.575 15.928 66.481 73.403 75.664 77.496 26.622 35.584 
Li 9.072 7.332 8.150 8.958 8.682 12.706 12.539 15.629 
Ga 18.96 19.34 19.03 17.44 17.15 18.15 16.66 16.42 
Nb  0.029 0.034   0.026 0.089 0.014 
Ta 0.030 0.027 0.034 0.009 0.023  0.019 0.007 
In    0.081     
Sn 19.97 14.75 16.18 12.82 13.69 13.00 29.21 26.74 
W 1.747 0.423 0.066    2.152 0.923 
La 0.704 0.846 0.793 1.163 1.664 1.073 1.080 0.953 
Ce 0.637 1.494 0.914 1.232 1.729 1.071 1.233 1.071 
Pr 0.050 0.213 0.062 0.073 0.093 0.067 0.123 0.120 
Nd 0.141 0.768 0.176 0.149 0.186 0.106 0.425 0.468 
Sm  0.149    0.037 0.092 0.142 
Eu 0.218 0.123 0.354 0.762 1.236 0.572 0.266 0.275 
Gd 0.045 0.232     0.077 0.146 
Tb  0.026 0.007    0.013 0.036 
Dy  0.160 0.033    0.082 0.227 
Ho  0.031     0.016 0.047 
Er  0.073     0.037 0.137 
Tm  0.011     0.006 0.020 
Yb  0.066      0.116 
Lu  0.007     0.010 0.018 
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Tourmaline: C = core; C/R = mid-point between core and rim; R = rim. 
Sample 
DT07 AU12 KT02 CN09 
C C/R R R C C C C C C C C C/R R C 
SiO2 35.270 35.760 35.330 34.570 35.450 35.390 35.000 35.700 35.740 35.890 35.930 35.880 36.020 35.620 35.950 
TiO2 0.421 0.420 0.412 0.435 0.804 0.735 0.657 0.645 0.442 0.239 0.665 0.485 0.465 0.567 0.416 
Al2O3 34.060 33.790 33.410 34.770 34.070 32.200 34.500 33.440 34.690 35.630 33.700 34.680 34.630 34.640 34.840 
FeO 12.810 11.740 13.400 13.110 13.490 14.970 11.260 11.320 11.330 10.950 12.000 9.610 8.720 9.670 9.690 
MnO 0.188 0.122 0.196 0.131 0.338 0.109 0.136 0.101 0.190 0.115   0.036 0.061 0.044 0.039 
MgO 1.631 2.110 1.830 1.145 0.775 0.782 2.710 2.700 2.530 2.400 2.620 3.390 3.760 3.780 3.540 
CaO 0.274 0.116 0.321 0.195 0.038 0.012 0.117 0.146 0.164 0.108 0.118 0.231 0.245 0.271 0.274 
Na2O 1.890 1.750 1.930 1.900 2.100 2.360 1.820 1.850 1.860 1.830 1.920 1.850 1.840 1.890 1.890 
K2O 0.053  0.058 0.049  0.040 0.044      0.044 0.044 0.043 0.048 
F     0.074 0.321 0.112 0.072 0.186 0.282  0.153     
Total 86.597 85.808 86.886 86.379 87.386 86.709 86.316 86.088 87.228 87.162 87.105 86.206 85.786 86.525 86.687 
Sc 20.159 25.227 39.517 13.510 7.422 43.330 3.265 6.852 3.253 5.190 4.495 28.445 27.240 28.522 27.667 
V 70.584 78.759 92.468 26.654 16.946 34.609 76.533 28.337 96.898 20.625 66.498 65.501 57.778 97.858 33.800 
Cr 8.118 22.884 5.037 2.155 1.842 3.106 14.492 9.990 81.111 4.205 53.404 3.890 6.187 18.885 4.020 
Co 20.185 26.335 25.280 17.251 17.274 13.079 37.871 31.255 39.216 37.893 24.964 37.188 35.735 35.726 31.829 
Ni 10.314 13.010 12.109 7.225 6.262 8.131 53.412 30.959 65.992 52.920 31.722 58.020 63.005 66.506 42.568 
Cu 0.483 0.357 0.347   0.930  0.284         
Zn 328.2 413.4 438.1 655.5 622.2 547.1 618.2 590.5 557.4 636.0 627.0 574.1 488.9 537.1 522.2 
Rb 184.108 0.327 0.776  0.595 2.448 0.116 0.101  0.231 0.131 1.889 5.654 0.205  
Sr 9.800 2.558 5.629 0.867 0.310 6.061 8.626 3.317 5.601 2.880 4.139 7.038 2.846 4.671 6.456 
Y 0.198 0.072 0.126   0.043 0.095 0.240 0.029 0.102   0.053    
Zr 0.658 0.215 0.339 0.072 0.160 0.188 1.043 3.024 0.177 1.759 0.659 0.108 0.189 0.148 0.165 
Ba 31.453      0.187        0.201   
Pb 3.052 0.731 1.913 0.598 0.527 0.911 1.845 1.704 0.963 2.520 2.221 1.883 0.657 1.044 1.388 
Th 0.160 0.041 0.011   0.049 0.057 0.048 0.011 0.055 0.026 0.025    
U 0.366 0.145 0.009  0.016 0.049 0.224 0.338  0.440 0.140  0.021   
Li 106.784 106.561 123.351 594.677 336.120 597.402 186.505 151.589 203.045 122.639 182.566 113.656 75.810 86.399 122.330 
Ga 82.77 102.01 113.58 127.60 128.27 183.88 78.37 97.18 72.19 115.11 87.40 153.52 131.69 134.89 154.58 
Nb 1.403 0.703 1.762 0.679 0.857 7.431 0.713 1.380 0.507 1.155 3.126 0.527 0.294 0.358 0.652 
Ta 2.127 0.570 1.429 0.176 0.303 0.271 0.879 1.436 0.870 0.441 7.187 0.469 0.486 0.159 0.242 
In 0.220 0.225 0.310 0.151 0.151 0.180 0.233 0.208 0.134 0.232 0.213 0.237 0.231 0.223 0.290 
Sn 23.29 22.81 35.41 6.47 5.41 2.85 8.52 8.48 6.23 8.60 17.16 6.07 4.20 5.11 7.66 
W 0.060 0.650 0.577  0.186 0.185 0.058 0.045   0.073 0.069 0.261   
La 1.614 0.405 1.879 0.456 0.178 0.380 0.976 0.809 0.569 1.215 0.999 2.163 0.461 1.047 1.849 
Ce 2.598 0.717 3.109 0.529 0.245 0.429 1.483 1.060 1.006 2.137 1.416 3.265 0.807 1.795 2.762 
Pr 0.234 0.072 0.255 0.040 0.019 0.028 0.120 0.086 0.093 0.197 0.118 0.280 0.070 0.146 0.192 
Nd 0.543 0.192 0.681 0.065 0.042 0.089 0.363 0.166 0.248 0.510 0.248 0.725 0.230 0.401 0.470 
Sm 0.130  0.079      0.056     0.080  0.069  
Eu 0.051 0.017 0.047     0.083 0.033 0.049 0.021 0.036 0.036 0.029 0.042 0.048 
Gd 0.044              0.087    
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Tb 0.009         0.008  0.009       
Dy 0.036 0.029        0.044  0.040       
Ho   0.008               
Er 0.018 0.027        0.034         
Tm  0.009       0.005 0.012         
Yb 0.043 0.033 0.028        0.028       
Lu                
 
Tourmaline continued 
Sample 
CN09 LE08 CL02 
C C C C C R C C C C R C C C C 
SiO2 36.260 35.670 35.460 35.710 35.580 35.400 35.910 35.030 34.470 35.620 34.850 34.550 35.250 35.360 35.580 
TiO2 0.538 0.579 0.474 0.349 0.731 0.416 0.429 0.625 0.563 0.532 0.439 0.540 0.481 0.644 0.527 
Al2O3 34.580 34.640 33.370 34.780 35.060 34.710 34.840 35.230 35.420 34.870 35.180 35.190 35.130 34.350 35.220 
FeO 9.530 9.270 10.190 10.020 9.840 9.870 10.100 11.910 11.700 11.410 11.160 12.120 12.120 12.270 12.950 
MnO 0.054 0.066 0.041 0.095 0.058 0.080 0.126   0.111  0.129    0.280 
MgO 3.290 3.310 3.530 3.500 2.920 3.350 3.200 2.010 1.930 2.030 2.000 1.860 2.000 2.190 0.704 
CaO 0.249 0.269 0.291 0.239 0.283 0.256 0.239 0.282 0.300 0.143 0.293 0.298 0.211 0.253 0.097 
Na2O 1.840 1.790 1.860 1.850 1.840 1.900 1.840 1.790 1.830 1.830 1.850 1.870 1.920 1.840 1.860 
K2O 0.047 0.048 0.044 0.042 0.041 0.049 0.048 0.062 0.053  0.051 0.050 0.050 0.042  
F         0.141 0.076   0.122 0.085 0.122 0.175 
Total 86.387 85.642 85.260 86.585 86.352 86.030 86.732 87.080 86.341 86.546 85.822 86.728 87.247 87.070 87.393 
Sc 26.765 26.706 33.627 34.643 29.364 52.464 19.569 71.209 74.158 3.976 54.798 55.315 12.847 68.262 1.179 
V 25.698 17.718 14.259 34.597 98.360 14.649 13.086 24.719 41.448 9.038 9.772 42.824 8.759 40.379 8.409 
Cr 1.881 1.459 5.450 2.010 56.145 1.017 0.987 1.670 4.299 1.302 1.102 12.672 1.287 2.130 11.228 
Co 33.272 32.917 34.416 32.204 16.568 24.604 31.133 31.469 31.015 6.980 25.080 29.807 21.758 32.806 13.795 
Ni 43.796 42.534 32.156 30.344 22.668 11.024 40.515 23.035 23.314 4.017 18.788 23.159 14.277 28.177 8.733 
Cu            0.376      
Zn 525.9 518.5 527.7 540.6 495.9 582.8 540.8 623.2 608.7 383.0 524.5 579.0 564.2 661.0 703.9 
Rb  0.619 0.863 0.268 0.106  0.136    6.930   0.299  
Sr 6.919 7.329 5.995 6.426 13.476 9.165 9.497 8.381 8.521 4.940 5.822 8.873 6.927 5.614 1.209 
Y    0.031 0.036 0.024 0.030  0.053  0.051     0.054 
Zr 0.166 0.166 0.275 0.186 0.789 0.111 0.426 0.283 0.431 0.220 0.206 0.419 0.143 0.226 0.259 
Ba   0.163               
Pb 1.580 1.613 1.545 1.457 3.500 1.939 1.961 2.367 2.286 1.143 1.751 2.562 2.418 1.461 1.372 
Th    0.015        0.027      
U  0.012  0.019   0.026    0.052 0.035     
Li 117.204 121.021 147.482 111.373 164.676 138.293 124.441 196.180 205.556 225.845 122.636 205.970 246.543 179.645 336.876 
Ga 151.58 150.29 140.63 155.33 130.43 152.89 141.84 174.86 159.65 89.14 129.24 158.12 119.74 135.97 124.84 
Nb 0.617 0.658 0.552 0.728 4.307 1.001 0.664 4.769 4.326 1.650 2.390 4.802 2.689 2.935 2.933 
Ta 0.213 0.269 0.228 0.251 4.269 0.369 0.285 1.191 1.619 2.975 0.524 1.140 1.397 1.002 1.247 
In 0.279 0.290 0.235 0.253 0.514 0.214 0.241 0.271 0.249 0.143 0.222 0.152 0.175 0.232 0.164 
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Sn 7.26 7.66 6.72 7.67 24.97 8.30 7.90 10.03 8.38 11.52 7.18 11.10 10.42 6.02 15.46 
W     0.150    0.058  0.075       
La 1.991 1.958 1.651 1.770 3.204 1.603 2.160 2.199 2.110 0.575 1.531 2.394 1.683 1.094 1.025 
Ce 3.023 2.959 2.618 2.669 4.461 2.299 3.018 4.771 4.758 1.022 3.278 5.085 3.255 2.390 2.211 
Pr 0.228 0.225 0.201 0.192 0.371 0.170 0.229 0.488 0.497 0.082 0.351 0.549 0.287 0.275 0.221 
Nd 0.574 0.446 0.564 0.470 0.942 0.323 0.496 1.434 1.286 0.155 1.093 1.779 0.708 0.833 0.683 
Sm 0.066 0.085 0.057 0.064     0.194 0.251   0.227 0.151 0.194  
Eu 0.048 0.057 0.042 0.024 0.090 0.075 0.083 0.084 0.075 0.038 0.064 0.053 0.071 0.053  
Gd         0.142         
Tb                  
Dy          0.085        
Ho                
Er                
Tm                
Yb                
Lu                
 
Tourmaline continued.  
Sample 
CL02 LE02 
C C C C C R C 
SiO2 45.500 35.530 35.250 34.950 35.080 35.230 35.140 
TiO2 0.411 0.561 0.541 0.515 0.544 0.524 0.539 
Al2O3 32.410 35.030 34.920 36.150 35.840 35.590 35.190 
FeO 4.270 12.710 12.790 10.140 10.710 10.350 10.000 
MnO 0.162 0.171 0.194 0.044 0.083 0.092  
MgO 0.954 0.620 1.333 2.680 2.600 2.660 2.960 
CaO  0.054 0.126 0.347 0.446 0.340 0.310 
Na2O 0.543 1.920 1.840 1.870 1.810 1.910 1.930 
K2O 10.680   0.042 0.051 0.047 0.050 
F 2.790 0.137  0.144 0.108 0.119 0.197 
Total 97.720 86.733 86.995 86.881 87.271 86.861 86.317 
Sc 31.670 0.802 24.580 30.068 22.396 31.509 35.435 
V 105.256 13.626 15.506 85.564 107.748 94.128 156.905 
Cr 38.438 16.157 3.682 8.403 12.152 16.874 24.798 
Co 26.396 9.720 20.577 41.811 42.650 42.606 43.962 
Ni 47.120 6.614 17.873 44.694 51.717 47.645 55.165 
Cu   29.790  0.456 0.517  
Zn 786.1 542.7 689.4 341.8 338.6 331.3 329.6 
Rb 0.208  0.724 0.567   0.338 
Sr 4.634 1.095 2.059 6.133 6.283 6.535 6.951 
Y   0.219 0.076  0.413 0.130 
Zr 0.294 0.349 2.296 0.372 0.272 6.431 0.657 
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Ba        
Pb 1.730 0.965 1.319 1.725 0.940 1.518 1.447 
Th   0.043   0.342  
U   0.139  0.028 0.625 0.047 
Li 142.146 384.614 203.993 127.369 110.847 115.804 115.902 
Ga 144.67 113.86 137.85 121.72 108.67 128.86 126.21 
Nb 0.664 2.555 3.472 2.166 1.399 2.424 1.596 
Ta 0.148 1.093 1.011 1.231 0.868 1.391 0.984 
In 0.248 0.084 0.310 0.154 0.111 0.149 0.124 
Sn 4.26 15.00 10.55 15.11 11.81 15.17 13.15 
W   0.095 1.928 0.111 0.091 0.175 
La 1.701 0.639 1.454 3.775 3.463 3.972 3.760 
Ce 3.253 1.185 3.225 6.449 6.629 6.910 6.769 
Pr 0.302 0.121 0.334 0.599 0.661 0.621 0.599 
Nd 0.883 0.292 1.003 1.607 1.835 1.838 1.990 
Sm 0.137  0.208 0.203 0.240 0.171 0.126 
Eu    0.037 0.037   
Gd        
Tb   0.019   0.032  
Dy      0.101  
Ho      0.016  
Er   0.028     
Tm      0.020  
Yb       0.076 
Lu    0.017  0.027  
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Cordierite (LE02) 
SiO2 49.540 47.420 49.880 
Al2O3 33.370 31.600 32.450 
FeO 9.730 11.420 10.770 
MnO 0.251 0.307 0.224 
MgO 4.290 4.510 5.090 
CaO 0.472 0.418 0.408 
Na2O 0.157 0.076 0.184 
K2O 0.940 0.944 1.260 
Total 98.749 96.695 100.267 
Sc 0.650 1.023 1.235 
V 3.136 4.621 0.403 
Cr 0.995 1.788 0.668 
Co 17.336 20.973 18.545 
Ni 10.741 14.462 9.312 
Zn 211.714 328.747 337.557 
Rb 158.750 110.484 149.515 
Sr 42.209 31.365 30.893 
Y 10.013 9.264 10.942 
Zr 0.057 0.156 3.920 
Ba 19.774 10.700 14.191 
Pb 0.621 16.195 0.701 
Th 0.021 0.037 0.288 
U 0.166 0.995 1.059 
Li 3293.7 3762.1 4513.9 
Ga 47.25 42.73 50.58 
Nb 0.113 0.174 0.267 
Ta 0.010  0.034 
In 0.013 0.015 0.019 
Sn 5.04 5.19 6.72 
W 0.191 0.141 0.228 
La 5.323 4.238 5.788 
Ce 12.948 10.757 16.348 
Pr 1.902 1.611 2.393 
Nd 8.806 7.611 10.873 
Sm 2.803 2.462 3.518 
Eu 0.230 0.151 0.207 
Gd 2.608 2.325 2.794 
Tb 0.352 0.306 0.446 
Dy 2.012 1.767 2.255 
Ho 0.354 0.314 0.420 
Er 0.946 0.844 1.126 
Tm 0.139 0.130 0.140 
Yb 0.975 0.925 1.153 
Lu 0.152 0.143 0.146 
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Topaz (AU06) 
SiO2 32.580 32.190 32.480 
Al2O3     
FeO 56.180 56.050 56.500 
MnO     
MgO 0.011    
CaO 0.011    
Na2O     
K2O 0.021 0.011 0.043 
Total 0.020  0.017 
Sc 19.050 19.020 19.200 
V 107.872 107.271 108.240 
Cr 0.770 0.320 0.278 
Co 0.555 1.320 0.303 
Ni   0.963 
Zn  0.185   
Rb     
Sr     
Y 4.510 0.222 1.246 
Zr 0.411 0.080 0.252 
Ba     
Pb 0.720    
Th     
U   0.105 
Li     
Ga 0.076    
Nb 1.845 1.533 2.140 
Ta 9.339 5.043 3.962 
In 1.280 0.142 0.080 
Sn 0.161  0.032 
W 0.019   
La 1.267 1.073   
Ce 1.532 0.452 0.070 
Pr     
Nd 0.022  0.017 
Sm    
Eu    
Gd    
Tb    
Dy    
Ho    
Er    
Tm    
Yb    
Lu    
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APPENDIX 4 
Geochemical data – whole rock major, minor and race element data determined by XRF and ICP-MS. Only selected samples 
were sent for XRF analysis. Si, Ti, Al, Fe, Mg, Mn, Ca, Na, K by fused bead XRF. Ba, Cr, Cs, Cu, Ni, Pb, Rb, Sc, Sr, Th, U, V, 
Zn, Zr by pressed pellet XRF.  All others by ICP-MS.  Where no data are shown, analysis is not available. Samples below 
detection shown. 
Sample 
 
Detection 
SC01 SC02 SC03 SC04 SC05 SC06 SC07 LE01 LE02 LE03 LE04 LE05 LE06 LE07 LE08 LE09 LE10 
Type CGGSP CGGSP CGGSP FGG CGGSP FGG MGG CGGP CGGP CGGP GQ GQ CGGP Msc Msc Msc CGGP 
SiO2 % 0.01 71.85 72.36 72.08 73.13 71.99 73.29 73.03 70.41 69.77 70.86 73.50 73.91 70.92 71.57 71.90 71.87 71.73 
TiO2 % 0.01 0.20 0.22 0.19 0.05 0.30 0.24 0.20 0.39 0.39 0.35 0.11 0.10 0.27 0.16 0.15 0.16 0.36 
Al2O3 % 0.01 14.85 14.93 14.94 14.78 15.17 14.79 14.75 15.09 14.78 14.57 14.57 14.35 14.49 14.48 14.65 14.62 14.56 
Fe2O3 % 0.01 1.42 1.48 1.46 0.85 1.97 1.59 1.49 2.79 2.85 2.60 1.51 1.54 1.98 1.60 1.50 1.48 2.34 
MnO % 0.001 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.04 0.05 0.04 0.03 0.04 0.03 0.02 0.02 0.03 0.03 
MgO % 0.01 0.35 0.38 0.36 0.12 0.53 0.41 0.39 0.64 0.69 0.62 0.11 0.07 0.36 0.34 0.31 0.30 0.65 
CaO % 0.01 0.53 0.58 0.63 0.44 0.90 0.98 0.85 0.74 0.80 0.75 0.37 0.38 0.63 0.39 0.54 0.60 0.52 
Na2O % 0.01 2.76 2.66 2.95 3.31 2.59 3.31 3.19 2.74 2.68 2.76 3.31 3.42 2.74 2.14 2.69 3.00 2.66 
K2O % 0.01 5.57 5.96 5.15 4.83 5.66 5.02 5.27 5.82 5.43 5.19 4.47 4.50 5.56 6.35 5.73 5.27 5.63 
P2O5 % 0.01 0.20 0.23 0.21 0.26 0.24 0.07 0.13 0.30 0.28 0.27 0.35 0.35 0.25 0.26 0.27 0.27 0.27 
LOI % 
 
1.38 1.20 1.28 1.00 1.28 1.19 1.13 1.19 1.50 1.30 1.22 1.00 1.29 1.61 1.39 1.45 1.47 
Total % 
 
99.13 100.03 99.28 98.79 100.65 100.91 100.45 100.16 99.22 99.31 99.55 99.66 98.52 98.92 99.15 99.05 100.21 
As ppm 1.5 4 8 2 <0.501 3 4 5 13 74 18 2 1 16 12 62 38 8 
Ba ppm 5 331 259 242 45 286 707 546 261 269 289 < 5 <5 224 125 134 152 269 
Cr ppm 5 23 24 19 20 23 18 24 31 24 27 19 19 18 34 22 23 22 
Cs ppm 5 25 32 39 25 19 9 25 48 35 31 82 82 41 46 43 50 33 
Cu ppm 5 < 5 
 
< 5 < 5 < 5 < 5 < 5 
 
9 < 5 6 
 
< 5 < 5 < 5 < 5 30 
Ni ppm 4 < 4 
 
< 4 < 4 5 < 4 < 4 
 
18 22 5 
 
6 < 4 4 4 16 
Pb ppm 5 34 24 27 41 36 26 35 21 28 32 7 6 28 10 11 14 17 
Rb ppm 2 430 365 449 446 398 255 314 371 418 418 952 827 414 547 532 521 364 
Sc ppm 3.2 <3.2 3 <3.2 <3.2 <3.2 <3.2 <3.2 12 6 5 5 5 <3.2 6 <3.2 <3.2 <3.2 
Sr ppm 2 114 91 103 52 131 157 132 80 85 88 16 14 81 41 47 54 78 
Th ppm 6 22 15 20 < 6 32 42 25 20 29 24 < 6 4 25 10 10 10 21 
Tl ppm 0.2 1.89 1.98 1.95 1.71 1.78 1.26 1.80 2.29 2.19 2.17 3.75 3.82 2.09 2.76 2.42 2.70 2.05 
U ppm 5 < 5 3 < 5 < 5 < 5 < 5 < 5 8 8 10 < 5 4 11 < 5 17 31 3 
V ppm 5 15 14 16 5 20 16 11 26 30 28 7 7 18 13 12 11 24 
Y ppm 2 5 7 5 5 8 6 7 19 19 18 7 9 18 8 9 9 17 
Zn ppm 5 41 34 45 38 49 51 57 61 67 66 40 30 34 43 48 59 42 
Zr ppm 5 115 88 105 24 151 186 133 138 174 159 47 41 139 71 69 71 133 
 371 
 
3
7
1
 
La ppm 0.3 19.97 24.14 22.97 3.35 53.66 27.41 18.77 28.65 36.95 29.46 3.90 3.96 21.43 8.94 11.55 11.59 23.25 
Ce ppm 0.6 39.25 49.78 47.19 6.49 114.38 51.12 35.58 62.79 83.24 64.53 8.90 8.82 47.61 17.98 23.76 24.40 46.19 
Pr ppm 0.3 4.75 5.98 5.52 0.77 13.99 5.40 4.08 8.81 11.22 8.58 1.18 1.18 6.17 2.40 3.01 3.04 6.98 
Nd ppm 0.3 16.84 21.04 19.40 2.66 49.42 17.99 14.03 32.79 42.18 31.45 4.35 4.32 22.60 8.83 10.76 10.97 25.30 
Sm ppm 0.3 3.18 4.00 3.63 0.80 8.87 2.97 2.63 6.74 8.26 6.20 1.02 1.02 4.65 2.06 2.38 2.43 5.20 
Eu ppm 0.03 0.33 0.43 0.28 0.08 0.75 0.37 0.35 0.68 0.76 0.56 0.03 0.03 0.32 0.31 0.29 0.27 0.54 
Gd ppm 0.1 1.96 2.46 2.24 0.77 5.35 1.85 1.90 5.09 5.98 4.54 0.83 0.83 3.40 1.78 1.95 1.98 3.88 
Dy ppm 0.09 1.08 1.28 1.21 0.92 2.50 0.98 1.14 3.52 3.95 3.05 0.85 0.84 2.23 1.58 1.60 1.60 2.75 
Ho ppm 0.08 0.17 0.22 0.19 0.15 0.37 0.16 0.19 0.63 0.67 0.52 0.16 0.16 0.37 0.28 0.27 0.27 0.48 
Er ppm 0.05 0.47 0.53 0.50 0.43 0.90 0.42 0.48 1.59 1.72 1.35 0.47 0.47 0.93 0.74 0.71 0.71 1.26 
Tm ppm 0.04 0.06 0.09 0.07 0.07 0.11 0.06 0.07 0.22 0.24 0.19 0.08 0.08 0.13 0.11 0.10 0.10 0.18 
Yb ppm 0.1 0.42 0.44 0.46 0.49 0.68 0.38 0.45 1.33 1.43 1.16 0.59 0.60 0.77 0.73 0.67 0.67 1.09 
Lu ppm 0.03 0.06 0.08 0.07 0.07 0.10 0.06 0.07 0.21 0.21 0.17 0.09 0.09 0.11 0.11 0.10 0.10 0.16 
Li ppm 1 196 214 314 52 227 103 114 214 229 208 832 738 212 225 261 338 151 
Be ppm 0.1 5.9 8.6 3.9 4.9 5.4 2.5 2.9 4.9 4.4 5.0 2.0 2.6 5.0 11.4 10.4 9.1 5.6 
Ga ppm 5 26 30 28 26 27 20 21 24 23 22 31 34 21 23 23 23 23 
Ge ppm 0.5 2.1 2.3 2.2 1.1 3.5 2.1 1.5 3.7 3.6 3.3 1.6 1.6 2.8 2.5 1.9 2.2 3.3 
Nb ppm 0.3 9 8 10 7 9 13 11 19 19 19 34 33 20 19 19 19 20 
Ta ppm 0.3 1.56 1.43 1.53 1.48 1.14 1.13 1.92 4.90 3.45 3.27 8.67 8.09 2.62 3.91 4.77 4.13 2.41 
Sn ppm 0.2 7.7 8.2 10.9 2.0 4.5 6.5 7.9 8.1 10.4 6.6 16.8 14.3 5.4 19.1 19.5 16.9 21.9 
In ppb 25 <25 38 <25 <25 <25 <25 37 70 80 50 90 90 20 120 100 80 170 
Sb ppm 0.06 0.12 0.22 <0.06 <0.06 <0.06 <0.06 0.35 1.10 0.46 0.25 <0.06 0.11 0.22 0.22 0.16 0.19 0.46 
W ppm 1 2.62 2.27 3.33 1.18 <1 <1 1.81 3.13 4.04 3.44 8.76 10.27 2.55 12.69 11.76 14.61 4.41 
Bi ppm 0.06 <0.06 0.14 0.35 . <0.06 <0.06 0.31 0.36 3.23 0.21 0.95 0.73 0.26 0.53 0.64 0.74 0.18 
Rb/Sr 
 
3.77 4.03 4.36 8.58 3.04 1.62 2.38 4.65 4.92 4.75 59.50 60.28 5.11 13.34 11.32 9.65 4.68 
A/CNK 1.29 1.26 1.29 1.29 1.26 1.17 1.18 1.24 1.26 1.26 1.33 1.28 1.24 1.30 1.26 1.25 1.28 
TZr 788 763 779 668 806 818 790 798 819 812 720 708 801 750 744 745 800 
Eu* 0.13 0.14 0.10 0.10 0.11 0.16 0.15 0.12 0.11 0.11 0.04 0.03 0.08 0.16 0.13 0.12 0.12 
 
Sample 
 
Detection 
LE11 227 J1
+
 CW37* CW35 CW33 CW01* CW13 CW09 CW70 CW68* CW71* GD01 TR01 TR02 TR03 TR04 OT06 
Type CGGP MME CGGP MGG FGG LiM FGG CGGP CGGP LiM EQ FGG FGG Tz Tz Tz Aplite 
SiO2 % 0.01 70.62 68.15 73.71   74.08    73.88 75.91 70.59 73.88 70.22 71.09 70.00 72.87 
TiO2 % 0.01 0.35 0.62 0.29   0.08    0.10 0.16 0.31 0.03 0.07 0.05 0.08 0.04 
Al2O3 % 0.01 14.48 15.49 13.94   14.22    14.07 13.98 14.73 15.17 17.15 16.55 17.89 15.87 
Fe2O3 % 0.01 2.28 5.01 1.91   3.36    0.76 1.89 2.31 1.57 1.34 0.97 1.46 0.63 
MnO % 0.001 0.02 0.07 0.03   0.03    0.01 0.02 0.01 0.08 0.06 0.08 0.06 0.08 
MgO % 0.01 0.66 1.29 0.35   0.08    0.05 0.26 0.47 0.08 0.11 0.03 0.15 0.02 
CaO % 0.01 0.50 1.75 0.58   0.49    0.38 0.64 0.37 0.61 0.44 0.30 0.55 0.21 
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Na2O % 0.01 2.50 3.60 2.55   0.56    2.85 5.75 1.80 1.67 4.17 4.02 4.14 4.71 
K2O % 0.01 5.54 3.01 5.55   5.89    7.10 0.40 6.03 5.05 4.27 4.24 4.17 3.44 
P2O5 % 0.01 0.26 0.34 0.25   0.38    0.25 0.35 0.24 0.42 0.49 0.47 0.54 0.43 
LOI %  1.74           2.12 2.02 1.41 1.32 1.72 0.89 
Total %  98.95 99.33 99.16   99.17    99.45 99.36 98.98 100.58 99.73 99.12 100.76 99.19 
As ppm 1.5 6 7 14 2 10 4 20 117 23 14 7 29 4 67 1 22 81 
Ba ppm 5 260 147 166   126    96 7 403 63 < 5 < 5 9 < 5 
Cr ppm 5  20 48   50    21 52 20 9  14   
Cs ppm 5  38 21   13    13 2 34 55  293   
Cu ppm 5 < 5  15   50    20 40 < 5 5 < 5 < 5 < 5 < 5 
Ni ppm 4 6 7 8   4    <3 5 < 4 < 4 < 4 < 4 < 4 < 4 
Pb ppm 5 21  15   7    31 2 37 < 5 7 11 8 6 
Rb ppm 2 417 459 436   505    434 13 435 740 1360 1530 1320 1180 
Sc ppm 3.2  8 6   6    4 4 <3.2 4  5   
Sr ppm 2 96 74 73   24    51 52 92 32 25 22 68 14 
Th ppm 6 26 40 16   4    7 6 37 < 6 < 6 < 6 < 6 < 6 
Tl ppm 0.2 2.09 1.94 1.88 1.32 1.97 1.81 1.99 2.37 2.04 1.63 <0.2 2.19 3.11 4.90 6.15 5.03 4.22 
U ppm 5 < 5 7 5   3    5 4 < 5 < 5 28 < 5 30 8 
V ppm 5  40 20   6    8 10 22 3  6   
Y ppm 2 17  16   10    12 9 11 < 2 < 2 < 2 < 2 < 2 
Zn ppm 5 48 59 40   50    30 30 90 69 72 52 73 53 
Zr ppm 5 161 194 120   38    51 38 177 16 37 24 39 21 
La ppm 0.3 22.91 37.01 12.23 4.50 20.76 2.77 62.87 35.73 19.78 5.91 3.80 35.14 1.31 1.39 1.13 1.80 <0.3 
Ce ppm 0.6 46.80 82.17 24.07 8.66 46.00 6.41 141.34 82.73 44.47 10.03 7.97 71.77 2.52 3.52 2.50 4.51 <0.3 
Pr ppm 0.3 7.10 10.78 3.58 1.25 6.02 0.91 16.72 10.08 5.37 1.66 1.28 10.09 0.24 0.55 0.37 0.67 <0.3 
Nd ppm 0.3 27.14 41.35 14.08 4.93 23.52 3.66 64.80 38.67 20.58 6.27 5.41 36.50 0.83 2.09 1.20 2.64 <0.3 
Sm ppm 0.3 5.74 8.20 3.29 1.21 4.89 1.09 11.69 7.76 4.37 1.61 1.50 6.51 0.13 0.98 0.55 1.26 <0.3 
Eu ppm 0.03 0.48 0.40 0.26 0.13 0.36 0.09 0.54 0.58 0.24 0.15 0.17 0.48 0.04 0.04 0.03 0.01 <0.03 
Gd ppm 0.1 4.32 5.28 2.40 0.87 3.35 0.90 6.65 4.87 2.96 1.22 1.28 3.92 <0.1 1.02 0.55 1.31 0.11 
Dy ppm 0.09 3.13 3.40 1.96 0.77 2.50 1.11 3.88 3.17 2.02 1.15 1.31 2.25 <0.22 1.22 0.74 1.56 0.10 
Ho ppm 0.08 0.52 0.57 0.33 0.13 0.43 0.20 0.62 0.51 0.32 0.19 0.24 0.37 <0.08 0.20 0.13 0.22 0.11 
Er ppm 0.05 1.35 1.53 0.93 0.39 1.16 0.62 1.63 1.35 0.83 0.56 0.71 0.91 <0.05 0.57 0.34 0.60 0.10 
Tm ppm 0.04 0.20 0.21 0.13 0.06 0.15 0.10 0.21 0.17 0.11 0.08 0.10 0.13 <0.04 0.10 0.09 0.10 0.11 
Yb ppm 0.1 1.22 1.29 0.84 0.44 0.96 0.76 1.24 1.08 0.68 0.58 0.71 0.72 0.08 0.60 0.49 0.73 0.14 
Lu ppm 0.03 0.17 0.19 0.13 0.07 0.14 0.11 0.18 0.16 0.10 0.09 0.11 0.11 <0.03 0.10 0.09 0.11 0.15 
Li ppm 1 140 394 97 52 123 52 209 256 143 33 37 119 106 1663 1668 1699 1315 
Be ppm 0.1 4.2 2.9 2.8 0.7 2.8 1.1 3.3 2.6 2.2 0.9 2.9 8.7 1.9 5.6 3.3 4.0 2.5 
Ga ppm 5 22 40 30   40    20 25 25 42 45 43 47 43 
Ge ppm 0.5 3.8 5.6 2.5 1.3 3.5 1.9 7.7 5.2 3.3 1.7 1.8 3.4 1.3 1.8 1.2 2.0 1.9 
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Nb ppm 0.3 17 24 20 13 20 22 22 20 22 21 9 12 69 67 79 64 69 
Ta ppm 0.3 3.18 2.01 2.98 3.05 1.99 4.97 1.56 2.28 2.52 4.85 2.42 2.27 14.76 18.86 15.79 18.68 11.03 
Sn ppm 0.2 12.3 9.3 11.9 7.3 10.1 12.3 5.6 7.3 6.5 12.6 16.2 4.8 127.4 12.0 19.8 22.7 8.8 
In ppb 25 73 33 39 <25 40 62 29 34 31 <25 87 45 607 61 74 59 51 
Sb ppm 0.06 0.36 0.14 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 0.22 <0.06 0.28 0.67 0.19 <0.06 
W ppm 1 4.43 1.34 3.45 2.43 2.34 4.99 1.83 8.07 5.15 2.96 1.42 3.38 8.22 33.34 32.66 26.63 20.80 
Bi ppm 0.06 0.14 0.09 0.11 <0.06 <0.06 1.99 0.13 <0.06 <0.06 0.43 0.11 0.18 <0.06 0.72 0.59 1.02 0.68 
Rb/Sr 
 
4.34 6.20 5.97   21.04    8.51 0.25 4.73 23.13 54.40 69.55 19.41 84.29 
A/CNK 1.31 1.25 1.24   1.74    1.08 1.26 1.45 1.63 1.40 1.41 1.45 1.34 
TZr 820     717    711 698 838 682 702 674 707 663 
Eu* 0.10 0.06 0.09 0.12 0.09 0.09 0.06 0.09 0.07 0.11 0.12 0.10  0.04 0.06   
 
Sample 
 
Detection 
CN01 CN02 CN03 CN04 CN05 CN08 CN09 CN10 CN11 CN12 CN13 CN14 CN15 CN16 CN17 CB01 
Type MGG CGGSP CGGSP CGGSP CGGSP MGG MGG MGG MGG MGG MGG CGGSP CGGSP CGGSP CGGSP CGGSP 
SiO2 % 0.01 72.04 71.39 72.58  71.21 71.62 72.44 72.05 71.17 71.68 71.58 71.69 71.29 71.92  71.91 
TiO2 % 0.01 0.18 0.27 0.27  0.24 0.23 0.23 0.21 0.18 0.22 0.25 0.23 0.25 0.25  0.25 
Al2O3 % 0.01 14.98 14.57 14.67  14.54 14.92 14.80 14.79 15.02 14.63 14.85 14.53 14.77 14.49  15.07 
Fe2O3 % 0.01 1.49 1.94 1.97  1.75 1.68 1.74 1.63 1.37 1.66 1.85 1.75 1.77 1.89  1.85 
MnO % 0.001 0.03 0.03 0.04  0.04 0.03 0.04 0.05 0.03 0.08 0.04 0.02 0.04 0.06  0.05 
MgO % 0.01 0.32 0.50 0.48  0.40 0.43 0.45 0.43 0.31 0.39 0.47 0.43 0.43 0.40  0.37 
CaO % 0.01 0.69 0.92 0.93  0.78 0.87 0.81 0.67 0.61 0.75 0.72 0.66 0.70 0.46  0.27 
Na2O % 0.01 3.06 2.84 3.01  3.09 3.00 2.88 2.74 2.89 2.80 2.85 2.60 2.63 1.20  2.47 
K2O % 0.01 4.99 4.81 4.89  4.84 5.03 5.44 5.57 5.50 5.19 5.21 5.42 5.57 7.72  6.19 
P2O5 % 0.01 0.21 0.23 0.24  0.23 0.24 0.24 0.22 0.23 0.22 0.24 0.23 0.24 0.23  0.20 
LOI %  1.07 1.19 1.09  1.11 1.22 1.19 1.29 1.27 1.38 1.31 1.45 1.43 1.40  1.49 
Total %  99.06 98.69 100.16  98.23 99.27 100.26 99.65 98.58 99.00 99.37 99.01 99.12 100.03  100.12 
As ppm 1.5 33 18 17  18 22 17 11 15 50 19 11 9 6 21 22 
Ba ppm 5 179 152 175  168 197 193 206 179 188 179 197 215 226  232 
Cr ppm 5   27  23 31 29  22 24 32 22 37 29  23 
Cs ppm 5   54  57 37 42  49 58 55 27 32 34  30 
Cu ppm 5 < 5 < 5   < 5 < 5  < 5 < 5 < 5 < 5 < 5 < 5    
Ni ppm 4 < 4 6   8 4  4 < 4 < 4 5 4 5    
Pb ppm 5 40 31 23  26 35 25 35 41 29 35 29 31 19  157 
Rb ppm 2 427 436 371  402 469 357 485 434 438 515 434 410 445  427 
Sc ppm 3.2   10  5 5 8  4 <3.2 <3.2 4 7 <3.3  4 
Sr ppm 2 95 98 78  72 90 68 91 107 88 94 107 119 52  70 
Th ppm 6 11 21 15  12 17 12 15 11 17 18 19 21 14  14 
Tl ppm 0.2 2.22 2.58 2.28  2.41 2.39 2.29 2.45 2.24 2.28 2.56 2.26 2.05 2.83 2.11 2.31 
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U ppm 5 < 5 11 10  10 9 9 8 < 5 6 9 6 6 10  4 
V ppm 5   18  17 17 15  17 15 18 19 17 17  16 
Y ppm 2 6 9 10  9 7 8 4 6 8 6 7 9 9  8 
Zn ppm 5 49 46 42  47 51 47 48 67 62 57 63 53 68  42 
Zr ppm 5 78 120 96  84 103 83 92 80 101 109 106 115 91  89 
La ppm 0.3 17.62 14.82 26.46 23.94 26.36 22.44 22.14 21.14 14.09 18.64 21.18 17.67 24.93 20.42 17.52 18.34 
Ce ppm 0.6 36.37 30.63 54.35 50.37 54.23 46.34 46.24 44.56 28.71 38.37 44.39 35.36 50.63 38.74 39.32 34.23 
Pr ppm 0.3 4.45 3.83 6.92 6.02 6.82 5.56 5.47 5.35 3.50 4.67 5.32 4.53 5.96 5.08 4.67 4.67 
Nd ppm 0.3 16.57 13.96 23.61 22.18 23.25 19.69 19.45 19.09 12.54 16.70 19.00 16.15 21.49 18.10 17.40 16.52 
Sm ppm 0.3 3.37 2.86 4.74 4.37 4.61 3.96 3.85 3.79 2.65 3.38 3.73 3.31 4.42 3.61 3.94 3.31 
Eu ppm 0.03 0.28 0.23 0.51 0.43 0.46 0.40 0.33 0.31 0.28 0.33 0.30 0.42 0.56 0.52 0.29 0.42 
Gd ppm 0.1 2.26 1.86 3.25 2.74 3.13 2.70 2.58 2.50 1.88 2.32 2.45 2.23 2.98 2.45 3.04 2.19 
Dy ppm 0.09 1.20 1.58 1.81 1.43 1.72 1.51 1.37 1.26 1.02 1.36 1.27 1.33 1.80 1.55 2.28 1.31 
Ho ppm 0.08 0.18 0.24 0.32 0.26 0.28 0.24 0.21 0.19 0.15 0.22 0.19 0.22 0.29 0.25 0.37 0.22 
Er ppm 0.05 0.45 0.76 0.75 0.76 0.70 0.61 0.53 0.47 0.38 0.57 0.48 0.56 0.77 0.68 0.92 0.55 
Tm ppm 0.04 0.06 0.14 0.11 0.13 0.11 0.09 0.07 0.06 0.05 0.08 0.06 0.08 0.10 0.09 0.14 0.08 
Yb ppm 0.1 0.39 0.85 0.65 0.84 0.61 0.53 0.45 0.38 0.32 0.51 0.40 0.49 0.67 0.59 0.86 0.49 
Lu ppm 0.03 0.06 0.14 0.11 0.13 0.10 0.08 0.06 0.05 0.05 0.07 0.06 0.07 0.09 0.09 0.11 0.08 
Li ppm 1 380 433 322 380 363 330 288 274 258 227 447 149 119 97 104 122 
Be ppm 0.1 9.2 4.6 7.9 10.5 5.4 7.9 7.7 18.8 7.5 12.8 8.9 10.9 6.1 6.0 1.6 6.2 
Ga ppm 5 26 26 26 28 30 27 30 26 26 25 28 25 25 26  30 
Ge ppm 0.5 3.2 3.4 3.2 4.1 3.0 2.7 3.2 3.1 2.4 2.9 3.1 2.6 3.5 2.4 2.8 2.2 
Nb ppm 0.3 13 14 13 12 13 11 11 10 11 11 12 11 12 11 10 10 
Ta ppm 0.3 3.49 2.39 2.36 2.17 1.94 1.80 1.16 1.40 1.85 1.79 1.73 1.49 6.93 3.26 1.40 1.70 
Sn ppm 0.2 15.5 15.3 8.5 12.6 12.0 10.4 8.5 9.8 14.1 12.4 13.9 11.1 13.3 24.4 9.0 11.8 
In ppb 25 77 80 50 60 40 60 40 50 50 30 60 30 41 224 32 49 
Sb ppm 0.06 0.65 0.65 0.47  0.29 0.16 0.28 0.14 0.18 0.27 0.18 0.16 0.34 <0.06 0.11 0.19 
W ppm 1 5.50 4.31 2.75 4.27 3.78 3.27 2.18 2.87 4.31 3.87 2.84 4.29 4.81 7.18 3.60 5.80 
Bi ppm 0.06 0.63 0.35 0.26 0.22 0.24 0.47 0.22 0.41 0.40 0.27 0.37 0.28 0.15 0.34 0.55 0.11 
Rb/Sr 
 
 4.49 4.45 4.77  5.59 5.21 5.27 5.33 4.06 4.98 5.48 4.06 3.45 8.54  
A/CNK  1.28 1.26 1.23  1.24 1.25 1.22 1.26 1.27 1.26 1.28 1.28 1.27 1.30  
TZr  753 785 765  756 772 753 766 755 773 780 779 785 769  
Eu*  0.10 0.10 0.13 0.13 0.12 0.12 0.11 0.10 0.12 0.12 0.10 0.15 0.16 0.18 0.09 
 
Sample 
 
Detection 
CB02 CB03 OT02 OT03 CM01 CM02 SA01 SA01 CL01 CL02 AU01 AU02 AU03 AU04 AU05 AU06 
Type CGGSP CGGSP CGGSP Elvan Msc Msc CGGP CGGP Msc Msc FGG CGGP LiM LiM GQ Tz 
SiO2 % 0.01 73.30 71.25 71.75 74.04 72.60 72.50    72.57 72.17 71.15 72.08 72.81  72.57 
TiO2 % 0.01 0.19 0.23 0.12 0.08 0.14 0.17    0.11 0.09 0.28 0.16 0.13  0.06 
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Al2O3 % 0.01 13.84 14.50 14.73 14.08 15.04 15.26    14.59 14.94 14.87 14.56 14.45  15.66 
Fe2O3 % 0.01 1.36 1.67 1.14 0.97 1.28 1.32    1.37 0.88 2.17 1.72 1.38  0.87 
MnO % 0.001 0.02 0.04 0.02 0.02 0.04 0.03    0.04 0.01 0.05 0.03 0.03  0.02 
MgO % 0.01 0.35 0.43 0.17 0.12 0.18 0.23    0.15 0.27 0.50 0.24 0.17  0.12 
CaO % 0.01 0.61 0.68 0.77 0.49 0.61 0.57    0.53 1.69 0.77 0.23 0.51  0.40 
Na2O % 0.01 2.54 2.76 2.83 3.39 3.36 3.09    3.18 2.66 2.55 2.33 3.40  3.62 
K2O % 0.01 5.34 5.52 5.59 4.04 5.20 5.36    4.68 4.70 5.48 5.19 4.99  4.80 
P2O5 % 0.01 0.20 0.23 0.30 0.25 0.27 0.26    0.26 0.40 0.24 0.27 0.31  0.46 
LOI %  1.27 1.36 1.44 1.09 1.17 1.28    1.21 1.83 1.40 1.78 1.12  1.43 
Total %  99.02 98.67 98.86 98.57 99.89 100.07    98.69 99.62 99.46 98.59 99.30  100.01 
As ppm 1.5 12 12 3 16 4 47   13 27 3 7 7 3 3 36 
Ba ppm 5 179 242 98 36 117 161    72 35 242 107 54  20 
Cr ppm 5 19   28 13 13     23  17   24 
Cs ppm 5 27   44 85 70     10  98   87 
Cu ppm 5 15 < 5 < 5 5  < 5    250  < 5 16 < 5  < 5 
Ni ppm 4 4 5 < 4 < 4  < 4    < 4  6  < 4  23 
Pb ppm 5 30 38 9 12 15 27    25 <0.5 29 10 15  < 5 
Rb ppm 2 449 446 777 588 502 578    592 175 406 775 749  1260 
Sc ppm 3.2 6   6 5 <3.2     4  6   <3.2 
Sr ppm 2 99 108 41 16 42 64    39 27 113 48 33  34 
Th ppm 6 15 19 8 < 6 8 15    6 3 23 11 9  < 6 
Tl ppm 0.2 2.02 2.09 3.83 2.70 2.62 2.78   2.61 2.56 0.51 2.11 3.11 3.24 0.83 4.22 
U ppm 5   < 5 < 5 11 5 20    16 10 < 5  20  < 5 
V ppm 5 12   5 9 11     4  10   6 
Y ppm 2 4 6 3 < 2 8 5    5 12 9 6 3  < 2 
Zn ppm 5 81 48 36 54 29 64    147 26 55 46 40  37 
Zr ppm 5 91 105 62 29 61 86    48 42 125 78 63  21 
La ppm 0.3 14.69 21.92 8.33 3.47 13.24 16.22   6.89 7.69 3.21 20.44 11.36 6.36 2.74 1.14 
Ce ppm 0.6 29.03 44.33 19.15 7.57 28.05 35.29   14.84 146.96 6.70 42.91 25.44 13.80 6.82 2.22 
Pr ppm 0.3 3.74 5.46 2.36 0.93 3.48 4.21   1.90 2.15 1.05 5.00 3.23 1.80 0.87 0.32 
Nd ppm 0.3 13.43 19.57 8.66 3.24 12.30 14.87   6.89 7.73 4.42 18.56 11.83 6.71 3.14 1.15 
Sm ppm 0.3 2.67 3.82 1.92 0.86 2.34 2.71   1.45 1.57 1.46 3.66 2.53 1.46 0.68 0.28 
Eu ppm 0.03 0.38 0.40 0.16 0.07 0.20 0.18   0.10 0.08 0.13 0.33 0.12 0.11 0.04  
Gd ppm 0.1 1.82 2.49 1.56 0.80 1.50 1.64   1.11 1.05 1.52 2.28 1.76 1.02 0.48 0.23 
Dy ppm 0.09 1.03 1.35 1.22 0.82 0.98 0.96   0.92 0.67 1.60 1.24 1.13 0.80 0.37 0.26 
Ho ppm 0.08 0.17 0.21 0.20 0.18 0.18 0.17   0.17 0.11 0.28 0.18 0.18 0.16 <0.08 0.06 
Er ppm 0.05 0.44 0.54 0.55 0.47 0.45 0.44   0.48 0.30 0.79 0.49 0.49 0.45 0.16 0.17 
Tm ppm 0.04 0.06 0.07 0.09 0.11 0.06 0.06   0.08 0.05 0.12 0.06 0.07 0.07 <0.04 0.04 
Yb ppm 0.1 0.40 0.45 0.57 0.58 0.42 0.39   0.53 0.33 0.86 0.41 0.51 0.49 0.21 0.26 
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Lu ppm 0.03 0.06 0.06 0.09 0.11 0.06 0.06     0.08 0.05 0.12 0.06 0.08 0.08 0.03 0.04 
Li ppm 1 180 191 122 236 578 406   394 363 70 120 499 490 105 1350 
Be ppm 0.1 4.3 9.6 3.2 2.3 19.1 14.5   10.2 13.5 1.3 7.7 2.8 9.0 2.3 6.3 
Ga ppm 5 23 24 27 31 28 27    26 25 25 27 26  34 
Ge ppm 0.5 2.0 2.3 1.3 1.2 2.0 2.2   2.2 2.3 1.4 3.8 2.3 2.7 1.3 1.4 
Nb ppm 0.3 8 9 19 10 12 14   15 14 16 12 24 29 5 43 
Ta ppm 0.3 1.59 1.44 5.55 1.50 2.86 3.55   4.27 4.20 3.75 1.82 4.12 5.04 1.99 17.19 
Sn ppm 0.2 6.9 6.4 20.6 10.9 9.4 14.0   24.5 21.8 18.4 11.0 14.8 12.5 15.9 22.9 
In ppb 25 33 <25 141 87 48 38   62 60 58 82 110 77 147 27 
Sb ppm 0.06 <0.06 0.11 0.40 <0.06 0.15 0.18   0.14 <0.06 <0.06 0.16 0.13 0.17 <0.06 0.68 
W ppm 1 3.56 2.11 9.28 5.11 10.43 10.56   12.84 11.37 2.16 3.06 11.63 7.54 5.94 28.71 
Bi ppm 0.06 2.35 0.09 1.44 1.23 0.36 0.37   0.56 0.38 0.13 0.11 0.98 0.15 1.69 1.49 
Rb/Sr 
 
 4.54 4.13 18.95 36.75 12.00 9.03    15.18 6.51 3.59 16.15 22.70  
A/CNK  1.25 1.23 1.22 1.30 1.23 1.28    1.30 1.19 1.29 1.48 1.21  
TZr  766 775 731 682 732 762    718 691 792 768 734  
Eu*  0.17 0.13 0.09 0.09 0.11 0.08   0.08 0.05 0.09 0.12 0.06 0.09 0.08 
 
Sample 
 
Detection 
AU07 AU08 AU09 AU10 AU11 AU12 AU13 AU14 AU15 AU16 AU17 AU18 AU19 LUX1 BD01 BD02 
Type EQ GQ GQ GQ GQ EQ CGGP LiM Tz Tz Tz CGGP CGGP CGGP CGGSP CGGSP 
SiO2 % 0.01 73.54 72.90 72.99 72.45 73.15 72.90 72.17 72.87 72.33 72.51 71.88    70.94  
TiO2 % 0.01 0.09 0.10 0.09 0.09 0.13 0.08 0.21 0.17 0.05 0.05 0.05 0.16   0.24  
Al2O3 % 0.01 15.26 14.32 14.43 14.41 14.98 14.80 14.61 14.18 15.28 15.27 15.65 7.53   14.63  
Fe2O3 % 0.01 0.91 1.25 1.25 1.39 1.35 1.16 1.62 1.87 0.90 1.05 1.05 1.68   1.75  
MnO % 0.001 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.02   0.03  
MgO % 0.01 0.14 0.14 0.14 0.13 0.22 0.09 0.28 0.20 0.06 0.14 0.13 0.35   0.41  
CaO % 0.01 0.89 0.58 0.46 0.49 0.56 0.44 0.45 0.57 0.47 0.54 0.45 0.70   0.78  
Na2O % 0.01 3.34 3.32 2.71 2.48 3.40 3.47 2.90 3.08 4.01 4.06 3.72    2.67  
K2O % 0.01 4.63 4.44 4.98 5.69 4.89 4.64 5.32 4.64 4.47 4.18 4.56 4.10   5.45  
P2O5 % 0.01 0.39 0.33 0.38 0.41 0.34 0.39 0.27 0.29 0.44 0.44 0.45 0.12   0.25  
LOI %  1.47 1.29 1.28 1.26 1.27 1.22 1.21 1.19 1.13 1.18 1.29    1.59  
Total %  100.67 98.69 98.73 98.82 100.31 99.20 99.06 99.08 99.16 99.43 99.25    98.74  
As ppm 1.5 2 5 5 6 4 3 24 36 4 3 40 11 12 3 20 22 
Ba ppm 5 81 36 10 36 36 54 134 72 18 18 63 273   170  
Cr ppm 5             140   22  
Cs ppm 5             37   55  
Cu ppm 5 < 5 < 5 < 5 < 5 8 < 5 22 226 < 5 < 5 9 <5     
Ni ppm 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 20   6  
Pb ppm 5 < 5 7 < 5 < 5 8 < 5 26 15 < 5 < 5 < 5 13   32  
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Rb ppm 2 601 725 816 854 796 713 538 612 1070 888 935 509   444  
Sc ppm 3.2             <5   <3.2  
Sr ppm 2 61 27 29 24 37 40 53 33 19 46 60 100   101  
Th ppm 6 < 6 < 6 < 6 6 9 < 6 15 12 < 6 < 6 < 6 15   16  
Tl ppm 0.2 1.73 2.90 2.77 2.78 2.79 2.32 2.49 2.60 3.22 2.86 3.02 2.17 2.08 1.78 1.95 1.94 
U ppm 5 < 5 < 5 < 5 6 < 5 < 5 16 19 5 14 < 5 15   11  
V ppm 5             27   17  
Y ppm 2 2 < 2 < 2 < 2 3 2 10 8 < 2 < 2 < 2 20   6  
Zn ppm 5 43 38 41 37 41 42 42 46 21 27 30 17   50  
Zr ppm 5 38 59 47 47 68 40 93 78 23 21 21 137   110  
La ppm 0.3 3.36 5.47 4.15 5.23 6.48 3.12 13.99 10.08 1.38 1.06 0.95 13.85 13.45 22.78 18.00 19.59 
Ce ppm 0.6 6.80 11.88 8.74 11.48 14.49 6.44 33.44 24.13 2.31 1.88 1.60 27.98 23.87 52.90 37.71 41.16 
Pr ppm 0.3 0.83 1.53 1.12 1.51 1.84 0.79 4.00 2.89 0.36 0.27 0.25 3.70 3.76 6.38 4.61 4.92 
Nd ppm 0.3 2.97 5.56 3.99 5.44 6.66 2.83 14.97 10.86 1.27 0.98 0.88 14.09 14.44 23.85 16.53 17.57 
Sm ppm 0.3 0.66 1.23 0.85 1.21 1.44 0.62 3.09 2.22 0.28 0.23 0.19 3.13 3.20 4.54 3.40 3.55 
Eu ppm 0.03 0.07 0.06 0.04 0.03 0.08 0.04 0.14 0.10 0.02 0.02  0.34 0.36 0.30 0.38 0.41 
Gd ppm 0.1 0.60 0.94 0.65 0.90 1.05 0.53 2.16 1.51 0.23 0.21 0.16 2.60 2.65 3.23 2.31 2.40 
Dy ppm 0.09 0.65 0.80 0.58 0.78 0.80 0.59 1.34 0.96 0.24 0.26 0.17 2.08 2.10 2.19 1.31 1.31 
Ho ppm 0.08 0.12 0.14 0.10 0.13 0.13 0.11 0.20 0.15  0.05  0.37 0.36 0.37 0.21 0.23 
Er ppm 0.05 0.36 0.39 0.28 0.35 0.36 0.35 0.49 0.39 0.14 0.17 0.11 0.98 0.96 0.93 0.55 0.56 
Tm ppm 0.04 0.06 0.06 0.05 0.05 0.06 0.06 0.07 0.06 0.03 0.03 0.02 0.15 0.14 0.13 0.08 0.08 
Yb ppm 0.1 0.42 0.44 0.34 0.39 0.39 0.44 0.43 0.41 0.24 0.27 0.17 0.94 0.92 0.86 0.49 0.51 
Lu ppm 0.03 0.06 0.07 0.06 0.06 0.07 0.07 0.06 0.06 0.04 0.04 0.03 0.14 0.14 0.13 0.07 0.07 
Li ppm 1 86 438 633 792 537 533 396 293 1136 911 1114 127 164 206 297 312 
Be ppm 0.1 1.4 7.5 3.0 2.0 4.4 2.1 2.2 1.9 1.9 1.5 1.9 1.9 1.8 3.6 7.7 6.3 
Ga ppm 5 29 27 29 30 27 27 24 26 32 31 33 30   23  
Ge ppm 0.5 1.2 1.9 1.1 1.6 2.1 1.3 3.0 2.4 0.8 1.0 1.2 2.6 2.5 3.6 2.3 2.3 
Nb ppm 0.3 23 35 34 31 34 33 17 28 35 37 38 20 16 16 10 11 
Ta ppm 0.3 4.85 3.15 4.00 5.56 4.63 3.66 5.04 3.55 10.06 10.87 10.89 2.67 2.29 2.57 2.06 2.27 
Sn ppm 0.2 16.0 7.2 9.3 10.0 11.5 8.8 17.4 15.0 22.7 24.9 24.5 20.8 15.9 5.8 10.1 9.3 
In ppb 25 104 36 50 43 47 70 44 178 17 43 45 101 99 39 28 46 
Sb ppm 0.06 <0.06 0.21 0.34 0.52 0.25 0.22 0.39 0.12 0.15 0.21 0.35 0.17 0.17 <0.06 0.13 0.30 
W ppm 1 3.30 9.43 6.03 11.37 6.53 5.36 16.37 8.97 23.48 12.52 12.30 16.54 14.29 5.04 5.55 4.34 
Bi ppm 0.06 0.14 0.70 0.51 0.35 0.32 0.48 0.20 1.14 0.40 0.63 0.89 0.67 12.28 0.03 0.20 0.26 
Rb/Sr 
 
 9.85 26.85 28.14 35.58 21.51 17.83 10.15 18.55 56.32 19.30 15.58 5.09   4.40 
A/CNK  1.26 1.26 1.35 1.29 1.26 1.28 1.29 1.27 1.24 1.25 1.32    1.25 
TZr  695 732 720 717 742 704 771 755 663 656 660    779 
Eu*  0.11 0.05 0.05 0.03 0.06 0.07 0.05 0.06 0.08 0.08 0.00 0.12 0.12 0.08 0.14 
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Sample 
 
Detection 
BD03 BD04 BD05 BD06 BD07 BD08 237B
+
 KT01 HD01 HD02 HD03 DT01 DT03 DT04 DT05 DT06 
Type CGGSP CGGSP CGGSP CGGSP CGGSP CGGSP FGG Msc Msc Elvan Elvan CGGP GQ GQ GQ MGG 
SiO2 % 0.01 71.67  71.94  71.72  72.51 71.94 72.49    73.80 74.30   
TiO2 % 0.01 0.22  0.21  0.24  0.31 0.19 0.04    0.17 0.16   
Al2O3 % 0.01 14.69  14.86  15.01  14.76 14.94 14.97    13.53 13.29   
Fe2O3 % 0.01 1.70  1.51  1.69  1.58 1.67 0.52    1.01 1.05   
MnO % 0.001 0.04  0.04  0.04  0.02 0.06 0.00    0.00 0.00   
MgO % 0.01 0.36  0.35  0.38  0.37 0.37 0.05    0.20 0.21   
CaO % 0.01 0.75  0.85  0.82  1.03 0.69 0.33    0.61 0.76   
Na2O % 0.01 2.77  3.27  3.05  3.18 2.97 2.76    3.59 3.43   
K2O % 0.01 5.45  4.97  5.07  5.15 5.03 6.69    4.49 4.52   
P2O5 % 0.01 0.25  0.24  0.26  0.22 0.23 0.32    0.23 0.21   
LOI %  1.25  1.22  1.33   1.46 0.86    1.03 0.99   
Total %  99.15  99.46  99.61  99.13 99.55 99.03    98.66 98.92   
As ppm 1.5 12 35 9  14 8 2 13 11 3 21 54 8 9 4 11 
Ba ppm 5 193  188  161  759 161 90    134 125   
Cr ppm 5 29  28    4          
Cs ppm 5 36  34              
Cu ppm 5 < 5  < 5  < 5   < 5 < 5    8 6   
Ni ppm 4 6  < 4  < 4  <6 8 < 4    < 4 < 4   
Pb ppm 5 31  37  34   25 36    26 8   
Rb ppm 2 449  418  436  255 485 598    447 436   
Sc ppm 3.2 <3.2  <3.2    2          
Sr ppm 2 91  97  92  170 74 32    55 54   
Th ppm 6 13  13  16  18 13 < 6    14 14   
Tl ppm 0.2 1.96 2.11 1.86  1.97 2.00 1.17 2.14 1.84 1.42 1.50 1.86 1.51 1.51 1.09 1.88 
U ppm 5 < 5  < 5  6  7 7 < 5    9 < 5   
V ppm 5 16  15    10          
Y ppm 2 5  6  7  6 7 < 2    16 15   
Zn ppm 5 55  64  67  54 74 39    44 46   
Zr ppm 5 92  95  110  135 91 19    40 63   
La ppm 0.3 19.40 20.59 16.18 19.26 17.08 32.17 18.32 13.60 15.46 20.18 23.56 21.48 9.10 9.40 2.18 14.07 
Ce ppm 0.6 41.16 43.38 33.31 40.59 37.98 72.99 30.89 27.10 32.92 40.58 46.16 39.85 18.05 19.67 4.70 32.69 
Pr ppm 0.3 4.95 5.22 4.00 4.85 4.35 8.10 3.50 3.42 4.36 4.55 5.27 5.75 2.31 2.45 0.79 3.97 
Nd ppm 0.3 17.71 18.75 14.30 17.33 15.90 29.70 11.57 12.19 15.30 16.22 18.70 21.31 8.23 8.58 3.59 14.38 
Sm ppm 0.3 3.55 3.80 2.90 3.55 3.28 5.57 1.88 2.38 3.36 3.32 3.82 4.46 1.87 1.88 1.17 3.00 
Eu ppm 0.03 0.40 0.37 0.36 0.32 0.28 0.34 0.27 0.28 0.39 0.34 0.42 0.43 0.11 0.12 0.09 0.07 
Gd ppm 0.1 2.34 2.52 2.04 2.47 2.27 3.12 1.46 1.62 2.31 2.17 2.55 3.54 1.51 1.54 1.26 2.06 
Dy ppm 0.09 1.26 1.43 1.22 1.44 1.22 1.54 1.21 1.09 2.38 1.24 1.44 2.77 1.34 1.35 1.47 1.44 
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Ho ppm 0.08 0.20 0.23 0.19 0.22 0.18 0.23 0.24 0.19 0.46 0.20 0.24 0.47 0.23 0.23 0.27 0.25 
Er ppm 0.05 0.51 0.60 0.48 0.55 0.44 0.57 0.72 0.51 1.23 0.53 0.62 1.20 0.61 0.61 0.76 0.69 
Tm ppm 0.04 0.08 0.09 0.07 0.07 0.06 0.07 0.12 0.07 0.18 0.08 0.09 0.16 0.09 0.09 0.11 0.11 
Yb ppm 0.1 0.45 0.54 0.41 0.46 0.39 0.46 0.87 0.49 1.13 0.50 0.58 1.04 0.60 0.59 0.74 0.75 
Lu ppm 0.03 0.07 0.08 0.06 0.06 0.06 0.07 0.14 0.07 0.17 0.09 0.10 0.16 0.09 0.09 0.12 0.13 
Li ppm 1 286 353 308 345 170 293 43 212 57 103 106 275 102 129 70 285 
Be ppm 0.1 9.3 6.6 9.2 8.3 3.4 3.9 1.8 11.8 7.8 7.2 7.5 4.8 5.4 7.2 3.3 10.2 
Ga ppm 5 23  25 27   22 24 22    24 23   
Ge ppm 0.5 2.2 2.5 2.0 2.4 2.5 3.8 2.1 2.9 1.4 2.5 2.6 3.7 2.5 2.6 1.3 3.1 
Nb ppm 0.3 11 11 10 12 8 12 10 14 15 11 12 18 26 26 29 12 
Ta ppm 0.3 2.06 2.47 1.77 1.82 1.67 1.49 1.57 2.73 9.47 1.29 1.47 2.60 5.61 4.36 3.72 2.20 
Sn ppm 0.2 6.4 8.9 13.0 14.9 12.9 9.8 2.3 21.7 13.7 17.7 10.9 22.0 14.1 13.4 19.3 9.8 
In ppb 25 34 27 35 39 36 34 <25 92 63 37 247 126 70 92 91 30 
Sb ppm 0.06 <0.06 0.17 <0.06  0.31 <0.06 0.39 0.15 0.11 0.05 <0.06 0.42 0.52 0.51 0.56 0.36 
W ppm 1 2.82 4.66 1.74 2.37 4.09 3.79 <1 12.03 12.88 7.00 3.00 4.68 2.60 1.70 1.61 10.47 
Bi ppm 0.06 0.30 0.49 0.35 0.46 0.37 0.22 0.16 0.20 0.41 0.06 0.07 1.62 0.14 0.17 0.19 0.31 
Rb/Sr 
 
 4.93  4.31  4.74  1.50 6.55 18.69    8.13 8.07  
A/CNK  1.24  1.21  1.25  1.16 1.29 1.21    1.14 1.12  
TZr  764  763  779  788 766 650    695 726  
Eu*  0.14 0.12 0.15 0.11 0.10 0.08 0.17 0.14 0.14 0.13 0.13 0.11 0.06 0.07 0.07 
 
Sample 
 
Detection 
DT07 DT08 DT09 DT10 DT11 DT12 DT13 DT14 DT15 DT16 DT17 DT18 DT19 DT20 DT21 DT22 
Type CGGSP CGGSP TM CGGP CGGP CGGP CGGP GQ MGG MGG CGGP CGGP CGGP CGGP Msc CGGP 
SiO2 % 0.01 73.02 74.57    72.35     73.59 71.27  71.43 71.41 72.89  
TiO2 % 0.01 0.28 0.17    0.27     0.23 0.32  0.32 0.32 0.20  
Al2O3 % 0.01 13.12 13.07    13.79     13.40 14.19  13.94 14.37 14.56  
Fe2O3 % 0.01 2.49 1.85    2.25     1.82 2.32  2.23 2.37 0.65  
MnO % 0.001 0.06 0.06    0.06     0.04 0.03  0.04 0.04 < 0.001  
MgO % 0.01 0.38 0.23    0.38     0.35 0.54  0.57 0.60 0.34  
CaO % 0.01 0.73 0.34    0.67     0.47 0.97  1.16 1.24 0.03  
Na2O % 0.01 3.00 2.86    3.05     3.11 3.09  3.06 3.12 0.36  
K2O % 0.01 4.84 5.06    4.96     5.05 5.21  4.64 4.93 9.65  
P2O5 % 0.01 0.18 0.20    0.20     0.19 0.15  0.16 0.17 0.04  
LOI %  0.86 0.84    0.93     0.90 0.97  1.21 0.77 1.21  
Total %  98.96 99.25    98.91     99.15 99.06  98.76 99.34 99.93  
As ppm 1.5 7 4 1 6 7 3 2 14 12 7 11 21 2 3 14 80 
Ba ppm 5 116 9    206     161 322  269 278 591  
Cr ppm 5                  
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Cs ppm 5                  
Cu ppm 5 < 5 < 5    < 5     < 5 < 5  < 5 < 5 22  
Ni ppm 4 < 4 < 4    < 4     4 9  6 5 4  
Pb ppm 5 29 25    35     28 30  29 26 7  
Rb ppm 2 449 602    462     362 358  321 351 898  
Sc ppm 3.2                  
Sr ppm 2 54 19    60     52 126  110 112 98  
Th ppm 6 20 13    21     15 20  20 21 9  
Tl ppm 0.2 1.83 2.49 1.55 2.48 1.86 1.36 1.48 2.97 1.38 1.45 1.47 1.47 1.23 1.34 4.08 1.77 
U ppm 5 < 5 13    11     8 < 5  < 5 < 5 < 5  
V ppm 5                  
Y ppm 2 29 16    23     20 19  21 20 2  
Zn ppm 5 55 46    46     38 39  50 47 28  
Zr ppm 5 166 101    149     103 153  154 156 78  
La ppm 0.3 17.76 9.85 3.13 11.97 18.08 20.53 14.84 10.57 8.49 10.33 22.63 29.93 17.80 19.83 4.21 21.19 
Ce ppm 0.6 39.11 21.99 7.00 28.65 42.30 39.84 27.70 24.71 13.73 18.13 46.05 58.20 31.27 41.50 6.80 40.34 
Pr ppm 0.3 4.90 2.88 0.87 3.42 4.97 5.54 3.77 2.99 2.05 2.53 5.51 7.22 4.38 4.84 1.21 5.57 
Nd ppm 0.3 17.86 10.63 3.08 12.53 18.22 21.12 14.25 11.16 7.58 9.45 20.33 27.44 16.35 18.14 5.10 20.34 
Sm ppm 0.3 3.68 2.38 0.76 2.73 3.86 4.44 2.93 2.47 1.63 2.08 3.92 5.38 3.28 3.56 1.36 4.13 
Eu ppm 0.03 0.26 0.07 0.04 0.08 0.24 0.63 0.32 0.14 0.11 0.14 0.37 0.75 0.36 0.36 0.24 0.33 
Gd ppm 0.1 2.83 1.72 0.57 1.92 2.90 3.41 2.10 1.94 1.20 1.61 2.62 3.67 2.21 2.38 1.26 3.20 
Dy ppm 0.09 2.26 1.20 0.53 1.32 2.07 3.10 1.60 1.46 1.02 1.47 1.82 2.59 1.53 1.59 1.01 2.66 
Ho ppm 0.08 0.41 0.19 0.10 0.20 0.34 0.57 0.28 0.23 0.18 0.26 0.30 0.44 0.26 0.26 0.18 0.49 
Er ppm 0.05 1.13 0.49 0.28 0.49 0.81 1.69 0.77 0.58 0.52 0.77 0.84 1.22 0.72 0.73 0.44 1.36 
Tm ppm 0.04 0.16 0.07 0.04 0.07 0.11 0.25 0.11 0.09 0.08 0.11 0.12 0.17 0.10 0.10 0.07 0.20 
Yb ppm 0.1 1.10 0.45 0.31 0.44 0.68 1.65 0.74 0.58 0.53 0.79 0.78 1.10 0.71 0.71 0.52 1.31 
Lu ppm 0.03 0.18 0.08 0.06 0.07 0.11 0.25 0.11 0.09 0.08 0.12 0.12 0.17 0.12 0.12 0.07 0.20 
Li ppm 1 267 450 199 444 291 197 196 520 170 124 257 186 207 175 129 202 
Be ppm 0.1 9.4 11.9 2.2 13.0 5.8 6.4 2.8 12.6 3.1 6.0 3.5 2.6 3.8 4.1 1.9 6.2 
Ga ppm 5 20 22    22     19 20  20 19 20  
Ge ppm 0.5 3.3 2.6 1.4 2.6 3.5 3.1 2.4 2.4 1.7 2.2 3.2 4.2 3.0 3.0 1.4 3.3 
Nb ppm 0.3 14 14 10 14 16 16 16 27 18 17 16 18 16 16 11 16 
Ta ppm 0.3 2.44 3.11 2.25 2.72 2.16 2.46 2.62 3.75 2.74 2.73 2.01 1.93 2.16 1.85 1.54 3.18 
Sn ppm 0.2 13.4 14.7 5.5 16.4 7.9 18.6 9.3 16.7 11.2 13.0 5.5 13.0 10.4 10.3 34.8 13.3 
In ppb 25 42 33 <25 39 23 119 63 55 32 35 26 47 33 30 117 44 
Sb ppm 0.06 <0.06 0.23 <0.06 0.34 0.16 0.57 0.34 0.28 0.33 0.19 0.77 0.27 0.47 0.45 2.13 1.18 
W ppm 1 9.79 9.48 4.23 7.77 9.05 1.82 5.33 10.05 5.71 4.60 2.46 1.53 4.04 5.48 63.99 7.28 
Bi ppm 0.06 0.13 0.16 0.09 0.15 <0.06 0.12 0.13 0.48 0.12 <0.06 0.58 0.27 <0.06 <0.06 6.16 0.18 
Rb/Sr   8.31 31.68    7.70     6.96 2.84  2.92 3.13 9.16 
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A/CNK  1.14 1.21    1.19     1.17 1.14  1.15 1.13 1.31 
TZr  809 776    803     773 797  796 795 762 
Eu*  0.08 0.04 0.05 0.03 0.07 0.16 0.13 0.07 0.08 0.08 0.11 0.17 0.13 0.12 0.18 
 
Sample 
 
Detection DT23 DT24 DT25 
222 
J1B
+
 OT05 EV03 EV09 HB01 PD02 MW02 MW06 EV01 EV02 EV04 EV05 EV06 
Type CGGP TM CGGP MME Aplite R R L L L L B B L L L 
SiO2 % 0.01   70.42 64.64 71.98 77.68 73.22 49.23 46.92 49.26 46.33  52.99   50.43 
TiO2 % 0.01   0.45 1.04 0.03 0.19 0.13 1.04 1.91 1.35 1.26  1.46   1.39 
Al2O3 % 0.01   14.35 15.40 15.92 13.35 13.03 16.10 9.74 10.87 10.19  13.66   14.64 
Fe2O3 % 0.01   3.30 6.26 0.55 2.62 1.85 7.13 7.07 6.68 6.77  8.50   8.02 
MnO % 0.001   0.05 0.12 0.14 0.01 0.04 0.17 0.12 0.12 0.12  0.13   0.10 
MgO % 0.01   0.58 2.03 0.02 0.11 0.27 6.17 8.61 6.37 8.13  2.40   6.00 
CaO % 0.01   0.81 2.53 0.72 <0.01 0.20 4.90 5.05 5.36 7.45  4.83   4.81 
Na2O % 0.01   2.87 3.61 3.58 0.05 1.40 3.88 0.40 0.49 0.50  2.98   2.49 
K2O % 0.01   4.80 3.02 4.03 0.15 7.28 1.79 7.44 5.99 5.79  3.24   5.05 
P2O5 % 0.01   0.24 0.30 0.36 0.02 0.12 0.69 1.67 1.71 1.65  0.30   0.90 
LOI %    1.48  1.97 5.41 1.87 7.43 9.73 9.97 10.15  8.07   5.22 
Total %    99.35 98.95 99.30 99.59 99.41 98.53 98.66 98.17 98.34  98.56   99.05 
As ppm 1.5 3 15 5 7 3 11 11 7 11 23 13 8 7 7 5 4 
Ba ppm 5   178 274 18 < 5 81 1110 4180 4420 4150  251   2440 
Cr ppm 5    34     200 427 536 508      
Cs ppm 5    48     25 9 49 16      
Cu ppm 5   < 5  < 5 9 9 13 134 85 39  31   16 
Ni ppm 4   8 <6 < 4 < 4 6 112 291 252 346  105   180 
Pb ppm 5   30  12 < 5 28 50 60 33 18  21   63 
Rb ppm 2   532 439 2080 37 587 170 313 326 333  47   173 
Sc ppm 3.2    14     24 19 15 16      
Sr ppm 2   80 141 55 < 2 27 547 1740 658 718  173   1070 
Th ppm 6   26 32 < 6 10 11 24 157 53 50  < 6   22 
Tl ppm 0.2 1.92 1.81 2.10 2.00 5.17 0.11 2.34 1.04 1.07 1.14 1.24 0.22 0.22 0.43 0.35 0.26 
U ppm 5   < 5 7 5 < 5 < 5 < 5 44 10 11  < 5   < 5 
V ppm 5    91     122 133 140 128      
Y ppm 2   31 38 < 2 8 6 25 34 37 30  22   27 
Zn ppm 5   77 80 34 23 33 71 92 73 77  69   145 
Zr ppm 5   233 254 14 75 50 343 1650 678 622  135   458 
La ppm 0.3 2.85 21.19 21.19 49.01 0.43 0.99 2.44 118.98 253.94 115.78 109.71 15.44 16.74 48.56 55.85 55.29 
Ce ppm 0.6 5.73 40.34 40.34 109.17 0.36 1.95 4.79 220.85 509.45 228.87 218.10 34.52 37.45 106.46 112.92 109.53 
Pr ppm 0.3 0.82 5.57 5.57 13.67 0.37 0.28 0.62 24.51 59.64 27.03 26.02 4.23 4.55 11.69 13.12 13.08 
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Nd ppm 0.3 3.06 20.34 20.34 50.51 0.37 1.09 2.37 85.30 213.88 100.70 96.49 17.59 18.82 44.91 49.58 50.08 
Sm ppm 0.3 0.77 4.13 4.13 8.99 0.31 0.27 0.62 10.47 27.69 16.10 15.39 4.26 4.51 8.39 8.94 9.26 
Eu ppm 0.03 0.06 0.33 0.33 1.01 0.08 0.03 0.12 2.50 5.20 3.57 3.34 1.37 1.42 2.28 2.34 2.39 
Gd ppm 0.1 0.58 3.20 3.20 6.24 0.28 0.35 0.72 6.51 14.31 11.47 10.68 4.12 4.32 6.36 6.71 7.19 
Dy ppm 0.09 0.53 2.66 2.66 5.01 0.34 0.62 0.83 4.13 5.81 6.32 5.79 3.62 3.71 4.46 4.56 4.93 
Ho ppm 0.08 0.10 0.49 0.49 0.94 0.32 0.13 0.16 0.75 0.86 0.98 0.90 0.67 0.67 0.79 0.81 0.90 
Er ppm 0.05 0.31 1.36 1.36 2.72 0.32 0.37 0.44 2.11 2.03 2.34 2.16 1.82 1.81 2.14 2.19 2.46 
Tm ppm 0.04 0.06 0.20 0.20 0.39 0.28 0.06 0.07 0.28 0.23 0.28 0.26 0.25 0.25 0.29 0.30 0.33 
Yb ppm 0.1 0.41 1.31 1.31 2.60 0.30 0.42 0.49 1.82 1.25 1.61 1.55 1.54 1.52 1.85 1.87 2.05 
Lu ppm 0.03 0.07 0.20 0.20 0.39 0.33 0.06 0.07 0.26 0.15 0.22 0.21 0.22 0.22 0.27 0.28 0.31 
Li ppm 1 343 221 260 249 3619 298 362 152 60 250 165 35 38 52 120 37 
Be ppm 0.1 20.3 7.7 7.7 5.5 15.2 2.4 3.4 2.8 4.9 7.8 9.7 2.4 2.4 5.0 4.4 4.9 
Ga ppm 5   25 <30 37 15 14 17 18 16 15  17   18 
Ge ppm 0.5 2.7 3.9 3.7 5.9 3.0 1.0 1.4 8.2 18.7 9.9 9.4 3.3 3.3 5.8 6.1 6.1 
Nb ppm 0.3 10 18 21 14 39 13 13 22 20 29 26 20 20 31 26 25 
Ta ppm 0.3 5.46 3.14 4.54 1.65 16.97 4.29 4.52 6.07 2.79 4.63 6.09 3.43 2.33 2.43 1.93 1.78 
Sn ppm 0.2 12.1 14.5 21.0 16.4 7.5 26.0 32.6 3.5 3.3 7.4 6.4 4.7 4.9 1.3 1.4 0.9 
In ppb 25 33 44 39 88 29 64 77 49 86 60 57 80 56 53 48 41 
Sb ppm 0.06 0.26 0.59 0.51 0.40 0.78 0.85 0.90 2.72 0.73 4.85 2.38 0.31 0.21 0.10 0.12 <0.06 
W ppm 1 6.96 2.21 14.49 2.98 30.03 6.16 5.87 1.92 1.37 5.57 6.43 2.80 2.63 4.67 3.37 3.36 
Bi ppm 0.06 0.21 0.13 0.18 2.38 0.36 0.10 0.11 <0.06 0.15 0.56 0.49 0.36 0.38 0.08 0.30 0.06 
Rb/Sr 
 
   6.65 3.11 37.82  21.74 0.31 0.18 0.50 0.46  0.27   
A/CNK    1.26 1.12 1.38  1.24 0.93 0.54 0.64 0.49  0.79   
TZr    847  634 827 722         
Eu*  0.10 0.09 0.09 0.13 0.27 0.10 0.18 0.30 0.26 0.26 0.26 0.33 0.32 0.31 0.30 
 
Sample 
 
Detection 
EV07 EV08 Lem GG6
++
 GG15
++
 GG28
++
 GG44
++
 
Type L L L MS MS MS MS 
SiO2 % 0.01 48.68   73.68 74.57 67.97 71.05 
TiO2 % 0.01 1.14   0.82 0.74 0.74 0.65 
Al2O3 % 0.01 13.48   10.31 10.68 13.77 13.26 
Fe2O3 % 0.01 6.30   4.07 3.88 4.25 4.30 
MnO % 0.001 0.11   0.09 0.10 0.06 0.07 
MgO % 0.01 6.31   1.02 1.11 1.40 1.94 
CaO % 0.01 5.91   0.88 0.78 0.59 0.51 
Na2O % 0.01 1.55   1.77 1.76 2.66 3.38 
K2O % 0.01 7.60   1.38 1.29 1.94 1.62 
P2O5 % 0.01 0.94   0.15 0.12 0.14 0.16 
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LOI %  5.91   5.35 5.24 5.68 2.70 
Total %  97.93   99.52 100.27 99.20 99.64 
As ppm 1.5 8 6 8 6 6 8 5 
Ba ppm 5 3310       
Cr ppm 5        
Cs ppm 5    4 3 6 4 
Cu ppm 5 223   8 8 9 7 
Ni ppm 4 151       
Pb ppm 5 71   13 12 17 14 
Rb ppm 2 116   58 58 86 65 
Sc ppm 3.2    8 8 8 8 
Sr ppm 2 3280   94 85 231 183 
Th ppm 6 19   12 9 10 9 
Tl ppm 0.2 0.19 0.21 0.26 0.32 0.47 0.45 0.33 
U ppm 5 16   3 2 3 3 
V ppm 5    94 97 117 124 
Y ppm 2 27   35 29 27 24 
Zn ppm 5 446   59 57 60 63 
Zr ppm 5 499   533 325 244 189 
La ppm 0.3 126.17 16.27 95.61 24.25 20.31 15.34 26.68 
Ce ppm 0.6 265.95 33.69 175.70 63.36 46.93 43.11 47.64 
Pr ppm 0.3 32.00 4.21 17.52 6.41 5.10 3.76 5.95 
Nd ppm 0.3 119.89 17.35 60.54 24.87 19.70 14.62 22.60 
Sm ppm 0.3 18.37 4.15 8.84 5.06 3.93 3.15 4.40 
Eu ppm 0.03 4.58 1.31 2.15 0.94 0.73 0.69 1.14 
Gd ppm 0.1 10.42 4.08 5.81 3.73 2.79 2.74 4.07 
Dy ppm 0.09 4.68 3.59 3.97 2.55 1.95 1.92 3.12 
Ho ppm 0.08 0.75 0.66 0.74 0.52 0.39 0.36 0.60 
Er ppm 0.05 1.93 1.79 2.07 1.55 1.20 1.02 1.65 
Tm ppm 0.04 0.24 0.24 0.28 0.25 0.19 0.16 0.24 
Yb ppm 0.1 1.49 1.48 1.81 1.73 1.34 1.08 1.50 
Lu ppm 0.03 0.23 0.22 0.28 0.29 0.22 0.18 0.23 
Li ppm 1 37 73 174 38 40 37 43 
Be ppm 0.1 2.5 0.9 3.3 1.1 1.0 1.4 1.2 
Ga ppm 5 17   14 15 17 16 
Ge ppm 0.5 12.1 3.2 7.6 2.8 2.5 2.1 2.3 
Nb ppm 0.3 12 15 21 11 10 9 7 
Ta ppm 0.3 0.90 1.13 1.89 1.39 0.98 1.08 0.83 
Sn ppm 0.2 1.9 1.3 2.5 1.7 2.1 2.2 1.5 
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In ppb 25 48 48 63 75 29 33 37 
Sb ppm 0.06 0.32 0.12 1.16 0.66 0.50 0.75 0.59 
W ppm 1 0.36 0.62 <1 N/A N/A N/A N/A 
Bi ppm 0.06 0.09 0.01 0.14 0.14 0.17 0.18 0.14 
Rb/Sr 
 
 0.04   0.62 0.68 0.37 
A/CNK  0.63   1.72 1.87 1.82 
TZr        
Eu*  0.33 0.32 0.30 0.22 0.22 0.23 
 
* Axel Müller’s samples, Natural History Museum; **Camborne School of Mines Collection; 
+
James Stimac’s samples, c/o Robin Shail, Camborne 
School of Mines.; 
++
Fiona Darbyshire’s samples, c/o Ben Willamson, Camborne School of Mines. 
 385 
 
3
8
5
 
APPENDIX 5 
QEMSCAN® data.  Nd = not detected. 
Sample ID AU06 AU04 AU12 KT01 LE05 LE07 
Measurement Mode FieldImage FieldImage FieldImage FieldImage FieldImage FieldImage 
No. X-ray Analysis 
Points 
6276877 6750178 6225747 6213508 6116898 5734791 
X-ray Pixel Spacing 10 10 10 10 10 10 
Measurement Time 11:52:15 12:42:33 11:55:23 11:40:30 11:47:48 10:38:51 
Quartz 27.26 36.25 35.32 37.03 35.78 31.01 
K-Feldspar 28.16 24.43 27.25 22.37 29.45 41.13 
Plagioclase feldspar 32.80 28.22 29.18 27.98 23.60 14.98 
Biotite group minerals 7.24 3.54 2.82 0.85 3.86 1.27 
Muscovite/Lepidolite 0.85 6.42 1.20 9.35 2.43 8.65 
Chlorite 0.06 0.07 0.09 1.54 0.02 0.71 
Epidote Group 0.01 0.01 <0.01 0.02 <0.01 0.01 
Kaolinite 0.10 0.07 0.17 0.11 0.37 0.01 
Tourmaline 0.03 0.56 2.08 0.16 2.91 1.78 
Topaz 3.02 0.08 1.43 <0.01 1.13 <0.01 
Al silicates 0.02 <0.01 0.01 <0.01 0.01 <0.01 
Apatite 0.41 0.25 0.41 0.21 0.37 0.32 
Fluorite <0.01 0.06 <0.01 0.27 <0.01 0.03 
Calcite <0.01 0.01 <0.01 0.01 <0.01 <0.01 
Zircon <0.01 0.01 0.01 0.01 0.01 0.01 
Monazite <0.01 <0.01 <0.01 0.01 <0.01 <0.01 
Xenotime <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Uraninite <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Thorite <0.01 <0.01 nd <0.01 <0.01 <0.01 
Rutile 0.01 0.02 0.02 0.02 0.03 0.05 
Ilmenorutile 0.01 <0.01 0.01 <0.01 0.01 <0.01 
Ilmenite <0.01 <0.01 <0.01 0.05 <0.01 0.01 
Titanite <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Fe-Ox/CO3 0.01 <0.01 <0.01 0.01 <0.01 0.01 
Cassiterite <0.01 nd <0.01 <0.01 <0.01 <0.01 
Wolframite <0.01 nd <0.01 <0.01 <0.01 <0.01 
Scheelite <0.01 nd nd nd nd nd 
Mn Minerals <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Amblygonite <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Lollingite <0.01 <0.01 nd <0.01 <0.01 <0.01 
Arsenopyrite nd nd nd <0.01 nd <0.01 
Sphalerite nd nd <0.01 <0.01 nd <0.01 
Pyrite <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Pentlandite nd <0.01 nd nd nd nd 
Others <0.01 <0.01 <0.01 <0.01 0.01 <0.01 
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QEMSCAN® data continued 
Sample ID AU06 AU04 AU12 KT01 
Measurement Mode BD04 CN01 DT07 SC06 
No. X-ray Analysis 
Points 
FieldImage FieldImage FieldImage FieldImage 
X-ray Pixel Spacing 6260999 5935024 6273363 6285477 
Measurement Time 10 10 10 10 
Quartz 11:45:57 11:15:03 11:41:10 11:44:27 
K-Feldspar 26.59 26.15 36.24 30.46 
Plagioclase feldspar 30.06 34.49 25.60 32.32 
Biotite group minerals 25.43 28.44 26.08 31.73 
Muscovite/Lepidolite 5.63 3.00 9.06 2.54 
Chlorite 10.73 6.68 1.56 0.87 
Cordiertie 0.27 0.18 0.33 1.30 
Epidote Group 0.03 0.10 0.02 0.18 
Kaolinite 0.06 0.01 0.04 0.01 
Tourmaline 0.03 0.10 0.04 0.31 
Topaz 0.39 0.42 0.56 0.08 
Al silicates 0.01 <0.01 <0.01 nd 
Apatite 0.28 0.06 <0.01 <0.01 
Fluorite 0.29 0.26 0.28 0.03 
Calcite 0.04 0.03 0.07 nd 
Zircon 0.02 <0.01 0.01 <0.01 
Monazite 0.01 0.01 0.03 0.02 
Xenotime 0.01 0.01 0.01 0.01 
Uraninite <0.01 <0.01 <0.01 <0.01 
Thorite <0.01 nd <0.01 <0.01 
Rutile <0.01 <0.01 <0.01 <0.01 
Ilmenorutile <0.01 0.02 <0.01 0.06 
Ilmenite <0.01 <0.01 <0.01 <0.01 
Titanite 0.05 0.04 0.01 0.06 
Fe-Ox/CO3 0.04 <0.01 0.02 <0.01 
Cassiterite 0.01 0.01 0.01 0.02 
Wolframite nd nd <0.01 nd 
Scheelite nd nd <0.01 nd 
Mn Minerals nd nd <0.01 nd 
Amblygonite <0.01 <0.01 0.01 <0.01 
Lollingite nd nd <0.01 nd 
Arsenopyrite nd nd <0.01 nd 
Sphalerite nd nd <0.01 <0.01 
Pyrite nd nd <0.01 <0.01 
Pentlandite <0.01 <0.01 <0.01 <0.01 
Others nd nd nd nd 
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APPENDIX 6 
Modelling calculations 
A. Partial melting - Biotite-muscovite granites 
Trace element model  
Source composition (ppm) from average Gramscatho metasedimentary rocks 
Rb 63 
Sr 225 
Ba 514 
 
Modal abundances in starting material from Nabelek and Bartlett, 1999 
 Kfld Plag Qtz Bt Msc Grt Sil 
Pelite 0.03 0.10 0.30 0.35 0.15 0.02 0.05 
Greywacke 0.02 0.35 0.45 0.10 0.01 0.03 0.01 
 
Batch partition coefficients 
 Pelite Greywacke 
Rb 0.94 0.27 
Sr 1.31 2.70 
Ba 6.77 2.10 
 
Trace element model for melts and residue produced for 20% to 40% partial melting (ppm) 
  Pelite Greywacke 
 F Cl Cr Cl Cr 
Rb 
0.2 118 32 151 41 
0.3 117 32 129 35 
0.4 116 32 112 30 
Sr 
0.2 84 227 95 257 
0.3 88 239 103 277 
0.4 91 245 111 301 
Ba 
0.2 86 181 273 574 
0.3 96 228 290 610 
0.4 108 261 309 650 
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Rare earth element model 
Modal abundances as above (ppm). 
 Source Target (SC05) Batch partition coefficient, D 
La 15.34 53.66 0.23 
Ce 43.11 114.38 0.21 
Pr 3.76 13.99  
Nd 14.62 49.42 0.22 
Sm 3.15 8.87 0.27 
Eu 0.69 0.75 1.16 
Gd 2.74 5.35 0.38 
Dy 1.92 2.50 1.06 
Ho 0.36 0.37  
Er 1.02 0.90 0.93 
Tm 0.16 0.11  
Yb 1.08 0.68 1.66 
Lu 0.18 0.10 1.61 
 
REE model for melts and residue produced for 20%-40% partial melting of a greywacke (ppm) 
 
Cl Cr 
0.2 0.3 0.4 0.2 0.3 0.4 
La 39.61 33.07 28.39 9.27 7.74 6.64 
Ce 116.23 95.90 81.63 24.83 20.49 17.44 
Pr       
Nd 39.02 32.28 27.53 8.52 7.05 6.01 
Sm 7.60 6.46 5.62 2.04 1.73 1.50 
Eu 0.61 0.62 0.63 0.71 0.72 0.73 
Gd 5.45 4.85 4.37 2.06 1.83 1.65 
Dy 1.83 1.84 1.85 1.94 1.96 1.97 
Ho       
Er 1.09 1.08 1.07 1.01 1.00 0.99 
Tm       
Yb 0.71 0.74 0.77 1.11 1.16 1.21 
Lu 0.12 0.13 0.13 0.20 0.20 0.21 
 
B. Fractional crystallisation – Biotite-muscovite granites 
Trace element model (ppm) 
Rb Sr Ba  
398 131 286 Least evolved granite (biotite granite) 
598 32 90 Most evolved granite (muscovite granite) 
350 7 400 Starting values to demonstrate fractionation vectors 
 
Modal abundance of fractionating assemblage 
Kfld Plag Bt Grt Al Ilm Mon Zrc Ap 
0.5 0.2 0.18 0.05 0.001 0.002 0.0006 0.001 0.05 
 
Batch partition coefficient, D 
Rb Sr Ba 
1.18 10.68 9.96 
 389 
 
3
8
9
 
Fractionation vectors for individual minerals 
 Kfld Plag Bt 
F Rb Sr Ba Rb Sr Ba Rb Sr Ba 
1 350 7 400 350 7 400 350 7 400 
0.9 350 2 118 385 4 416 369 7 85 
0.8 350 0 30 429 2 434 391 8 15 
0.7 350 0 6 484 1 456 418 9 2 
 
Fractional crystallisation of the assemblage detailed previously (ppm). 
 Cl Cr 
F Rb Sr Ba Rb Sr Ba 
1 398 114 331 398 114 331 
0.9 391 44 119 405 216 651 
0.8 383 15 38 412 318 972 
0.7 374 5 10 419 420 1292 
0.6 364 1 2 426 522 1613 
0.5 352 0 0 433 624 1933 
 
Modal abundances as above (ppm). 
 Least evolved (SC05) Most evolved (CL02) Batch partition coefficient, D 
La 53.66 7.69 9.672 
Ce 114.38 16.96 9.204 
Pr 13.99 2.15  
Nd 49.42 7.73 8.127 
Sm 8.87 1.57 5.824 
Eu 0.75 0.08 4.640 
Gd 5.35 1.05 4.949 
Dy 2.50 0.67 3.849 
Ho 0.37 0.11  
Er 0.90 0.30 2.855 
Tm 0.11 0.05  
Yb 0.68 0.33 3.715 
Lu 0.10 0.05 3.545 
 
REE model for melts and residue produced for 10% to 30% fractional crystallisation of the 
assemblage above from the most evolved sample (ppm). 
 
Cl Cr 
0.9 0.8 0.7 0.9 0.8 0.7 
La 16.55 5.96 1.87 33.25 28.43 23.26 
Ce 37.07 14.11 4.72 71.22 61.15 50.32 
Pr       
Nd 17.94 7.75 2.99 31.16 27.02 22.57 
Sm 4.11 2.33 1.22 5.78 5.15 4.48 
Eu 0.39 0.26 0.16 0.50 0.45 0.41 
Gd 2.72 1.71 1.01 3.55 3.20 2.84 
Dy 1.43 1.02 0.70 1.70 1.56 1.43 
Ho       
Er 0.57 0.46 0.36 0.63 0.60 0.57 
Tm       
Yb 0.39 0.28 0.20 0.46 0.43 0.39 
Lu 0.06 0.04 0.03 0.07 0.06 0.06 
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C. Partial melting - Biotite-tourmaline granites 
Trace element model  
Source composition (ppm) from residue after muscovite removal. 
Rb 41 
Sr 257 
Ba 574 
 
Modal abundances in starting material (post muscovite melting) from Nabelek and Bartlett, 1999 
 Kfld Plag Qtz Bt Msc Grt Sil 
Pelite 0.25 0.20 0.18 0.12 0.00 0.10 0.10 
Greywacke 0.00 0.45 0.40 0.12 0.00 0.00 0.01 
 
Batch partition coefficients 
 
 
Trace element model for melts and residue produced for 20% to 40% partial melting 
  Pelite Greywacke 
 F Cl Cr Cl Cr 
Rb 
0.2 235 32 96 33 
0.3 193 26 104 28 
0.4 173 22 114 24 
Sr 
0.2 48 276 96 275 
0.3 55 298 104 295 
0.4 60 323 114 318 
Ba 
0.2 112 607 297 624 
0.3 118 644 316 684 
0.4 138 685 337 757 
 
Rare earth element model 
Modal abundances as above (ppm). 
 Source Target (LE02) Batch partition coefficient, D 
La 15.34 36.95 0.23 
Ce 43.11 83.24 0.21 
Pr 3.76 11.22  
Nd 14.62 42.18 0.22 
Sm 3.15 8.26 0.27 
Eu 0.69 0.76 1.16 
Gd 2.74 5.98 0.38 
Dy 1.92 3.92 1.06 
Ho 0.36 0.67  
Er 1.02 1.72 0.93 
Tm 0.16 0.24  
Yb 1.08 1.43 1.66 
Lu 0.18 0.21 1.61 
 Pelite Greywacke 
Rb 0.94 0.27 
Sr 1.31 2.70 
Ba 6.77 2.10 
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REE model for melts and residue produced for 20% to 40% partial melting (ppm). 
 
Cl Cr 
0.2 0.3 0.4 0.2 0.3 0.4 
La 39.61 33.07 28.39 9.12 7.59 6.49 
Ce 116.23 95.90 81.63 23.94 19.58 16.57 
Pr       
Nd 39.02 32.28 27.53 8.34 6.86 5.83 
Sm 7.60 6.46 5.62 1.92 1.61 1.38 
Eu 0.61 0.62 0.63 0.71 0.72 0.73 
Gd 5.45 4.85 4.37 1.75 1.49 1.29 
Dy 1.83 1.84 1.85 1.57 1.44 1.33 
Ho       
Er 1.09 1.08 1.07 0.80 0.72 0.65 
Tm       
Yb 0.71 0.74 0.77 0.95 0.90 0.86 
Lu 0.12 0.13 0.13 0.16 0.15 0.14 
 
D. Fractional crystallisation – Biotite-tourmaline granites 
Trace element model (ppm). 
Rb Sr Ba  
351 112 278 Least evolved granite (biotite granite) 
952 16 5 Most evolved granite (muscovite granite) 
400 6 100 Starting values to demonstrate fractionation vectors 
 
Modal abundance of fractionating assemblage 
Kfld Plag Qtz Bt All Mon Ilm Crd Zrc Ap 
0.2 0.5 0 0.25 0.001 0.0005 0.0015 0.04 0.001 0.01 
 
Batch partition coefficient, D 
Rb Sr Ba 
0.94 8.16 7.69 
 
Fractionation vectors for individual minerals 
 Kfld Plag Bt Crd 
F Rb Sr Ba Rb Sr Ba Rb Sr Ba Rb Sr Ba 
1 400 6 100 400 6 100 400 6 100 400 6 100 
0.9 400 2 29 442 3 104 422 6 21 441 7 111 
0.8 400 0 8 493 2 109 447 7 4 491 7 124 
0.7 400 0 2 559 1 114 478 7 1 555 8 142 
 
 
 
 
 
 392 
 
3
9
2
 
Fractional crystallisation of the assemblage detailed previously (ppm).  
 Cl Cr 
F Rb Sr Ba Rb Sr Ba 
1 358 126 322 358 126 322 
0.9 360 59 159 356 216 537 
0.8 363 25 72 353 306 753 
0.7 366 10 30 351 397 968 
0.6 370 3 11 349 487 1184 
0.5 374 1 3 346 577 1399 
 
Rare earth element model 
Modal abundances as above (ppm). 
 Least evolved (LE02) Most evolved (AU09) Batch partition coefficient, D 
La 36.95 4.15 5.72 
Ce 83.24 8.74 5.27 
Pr 11.22 1.12  
Nd 42.18 3.99 4.57 
Sm 8.26 0.85 2.96 
Eu 0.76 0.04 3.12 
Gd 5.98 0.65 2.29 
Dy 3.92 0.58 1.50 
Ho 0.67 0.10  
Er 1.72 0.28 1.40 
Tm 0.24 0.05  
Yb 1.43 0.34 3.10 
Lu 0.21 0.06 3.77 
 
REE model for melts and residue produced for 10% to 30% fractional crystallisation of the 
assemblage above from the most evolved sample (ppm). 
 
Cl Cr 
0.9 0.8 0.7 0.9 0.8 0.7 
La 18.73 10.74 7.92 6.53 5.82 5.07 
Ce 44.22 26.73 20.28 14.51 13.03 11.46 
Pr       
Nd 24.14 15.85 12.59 6.71 6.09 5.45 
Sm 5.60 4.45 3.92 1.43 1.34 1.27 
Eu 0.51 0.40 0.34 0.07 0.07 0.06 
Gd 4.35 3.73 3.44 0.97 0.93 0.91 
Dy 3.10 2.92 2.83 0.65 0.65 0.66 
Ho       
Er 1.37 1.31 1.27 0.29 0.29 0.30 
Tm       
Yb 0.96 0.75 0.65 0.30 0.28 0.26 
Lu 0.13 0.10 0.08 0.05 0.04 0.04 
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E. Partial melting – Topaz granites 
Rare earth element model 
Modal abundances in starting material (post muscovite melting) from Nabelek and Bartlett, 1999 
Kfld Plag Qtz Bt Msc Grt Sil 
0.25 0.20 0.18 0.12 0.00 0.10 0.10 
 
Modelling parameters – source = residue after muscovite melting melt extraction (20% partial 
melt) (ppm). 
 Source Target (TR04) Batch partition coefficient, D 
La 9.27 1.80 5.05 
Ce 24.83 4.51 4.42 
Pr  0.67  
Nd 8.52 2.64 4.14 
Sm 2.04 1.26 3.46 
Eu 0.71 0.01 2.12 
Gd 2.06 1.31 2.93 
Dy 1.94 1.56 1.91 
Ho  0.22  
Er 1.01 0.60 1.30 
Tm  0.10  
Yb 1.11 0.73 0.97 
Lu 0.20 0.11 0.96 
 
REE model for melts and residue produced for 10% to 30% partial melting (ppm). 
 
Cl Cr 
0.1 0.2 0.3 0.1 0.2 0.3 
La 2.00 2.19 2.42 10.08 11.04 12.21 
Ce 6.08 6.64 7.30 26.88 29.34 32.30 
Pr       
Nd 2.23 2.43 2.67 9.22 10.04 11.03 
Sm 0.63 0.69 0.75 2.20 2.38 2.59 
Eu 0.35 0.37 0.40 0.75 0.79 0.84 
Gd 0.75 0.81 0.88 2.21 2.37 2.57 
Dy 19.40 9.70 6.47 2.04 2.14 2.26 
Ho       
Er 10.10 5.05 3.37 1.03 1.06 1.09 
Tm       
Yb 1.14 1.14 1.14 1.11 1.10 1.10 
Lu 0.21 0.21 0.21 0.20 0.20 0.20 
 
F. Fractional crystallisation – Topaz granites 
Rare earth element model 
Fractional crystallisation of a feldspar-rich assemblage 
Kfld Plag Qtz Bt Msc Grt Sil Ap 
0.1 0.70 0 0.20 0 0 0 0.01 
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Modelling parameters – source = 20% partial melt from partial melting model (ppm). 
 Source Target (TR04) Batch partition coefficient, D 
La 2.19 1.80 0.51 
Ce 6.65 4.51 0.49 
Pr  0.67  
Nd 2.43 2.64 0.57 
Sm 0.69 1.26 0.65 
Eu 0.37 0.01 2.12 
Gd 0.81 1.31 0.60 
Dy 1.12 1.56 0.50 
Ho  0.22  
Er 0.81 0.60 0.35 
Tm  0.10  
Yb 1.14 0.73 0.30 
Lu 0.20 0.11 0.31 
 
REE model for melt produced for 10% to 30% fractional crystallisation of the assemblage above 
from the target (TR04) to the melt composition (ppm). 
 
Cl 
0.1 0.2 0.3 
La 1.48 1.62 1.80 
Ce 3.79 4.19 4.69 
Pr    
Nd 2.23 2.47 2.78 
Sm 1.07 1.19 1.34 
Eu 0.01 0.01 0.01 
Gd 1.11 1.24 1.41 
Dy 1.32 1.48 1.67 
Ho    
Er 0.51 0.57 0.65 
Tm    
Yb 0.62 0.69 0.79 
Lu 0.09 0.10 0.11 
 
G. Fluid / melt partitioning models – Biotite-muscovite granites 
Modelling parameters (Co in ppm) 
 
Pure water 3.56m NaCl + 0.4m HCl 
Sr Sn Rb Sr Sn Rb 
D 0.006 0.009 0.01 0.23 2 0.47 
Co 200 45 1500 200 26 2200 
CoWater 7 7 7 7 0.07 7 
 
Modelling results for fluid / residual melt (water) (ppm). 
F 
C(fluid) C(melt) 
Rb Sr Sn Rb Sr Sn 
0.1 12.57 1.01 0.34 1257.5 167.9 37.7 
0.2 12.27 0.98 0.33 1227.5 163.9 36.8 
0.3 11.89 0.95 0.32 1189.0 158.8 35.7 
0.4 11.38 0.91 0.31 1137.7 152.0 34.1 
0.5 10.66 0.85 0.29 1066.0 142.4 32.0 
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Modelling results for fluid / residual melt (NaCl + HCl) (ppm). 
F 
C(fluid) C(melt) 
Rb Sr Sn Rb Sr Sn 
0.1 634.67 34.45 56.39 1350.36 149.80 28.194 
0.2 619.06 33.79 56.64 1317.16 146.92 28.32 
0.3 588.63 32.47 57.06 1252.41 141.17 28.53 
0.4 550.72 30.76 57.48 1171.75 133.76 28.74 
0.5 501.69 28.47 57.90 1067.43 123.77 28.95 
 
G. Fluid / melt partitioning models – Biotite-tourmaline granites 
Modelling parameters 
 
Pure water 3.56m NaCl + 0.4m HCl 
Sr Sn Rb Sr Sn Rb 
D 0.006 0.009 0.01 0.23 2 0.47 
Co 160 1500 45 170 30 2200 
CoWater 7 7 7 7 0.07 7 
 
Modelling results for fluid / residual melt (water) (ppm). 
F 
C(fluid) C(melt) 
Rb Sr Sn Rb Sr Sn 
0.1 12.57 0.81 0.34 1257.48 134.32 37.74 
0.2 12.27 0.79 0.33 1227.49 131.13 36.84 
0.3 11.89 0.76 0.32 1188.97 127.03 35.68 
0.4 11.38 0.73 0.31 1137.69 121.58 34.15 
0.5 10.66 0.68 0.29 1066.03 113.94 32.00 
  
Modelling results for fluid / residual melt (NaCl + HCl) (ppm). 
F 
C(fluid) C(melt) 
Rb Sr Sn Rb Sr Sn 
0.1 644.17 29.62 56.22 1370.58 128.79 28.11 
0.2 619.06 28.72 56.64 1317.16 124.88 28.32 
0.3 588.63 27.60 57.06 1252.41 120.00 28.53 
0.4 550.72 26.15 57.48 1171.75 113.69 28.74 
0.5 501.69 24.20 57.90 1067.43 105.21 28.95 
 
G. Critical metals – Biotite-muscovite granites 
20% partial melting + 10-30% fractional crystallisation of assemblages discussed in B. 
Lithium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
25 125 104.03 84.73 67.14 
50 250 208.07 169.46 134.28 
75 375 312.10 254.19 201.43 
100 500 416.14 338.93 268.57 
125 625 520.17 423.66 335.71 
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Beryllium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.40 2 2.22 2.50 2.86 
0.80 4 4.44 5.00 5.71 
1.20 6 6.67 7.50 8.57 
1.60 8 8.89 10.00 11.43 
2.00 10 11.11 12.50 14.29 
 
Gallium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
10 16.79 16.05 15.25 14.40 
12 20.15 19.26 18.30 17.28 
14 23.51 22.46 21.36 20.16 
16 26.86 25.67 24.41 23.04 
18 30.22 28.88 27.46 25.92 
 
Germanium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
1 2.91 3.23 3.63 4.15 
1.5 4.36 4.84 5.45 6.23 
2 5.81 6.46 7.27 8.31 
2.5 7.27 8.07 9.08 10.38 
3 8.72 9.69 10.90 12.46 
 
Niobium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
2 2.84 2.96 3.10 3.27 
4 5.67 5.92 6.21 6.55 
6 8.51 8.88 9.31 9.82 
8 11.35 11.84 12.41 13.10 
10 14.18 14.80 15.51 16.37 
 
Indium (ppb) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
10 50.00 50.62 51.33 52.14 
20 100.00 101.25 102.66 104.28 
30 150.00 151.87 153.98 156.42 
40 200.00 202.49 205.31 208.56 
50 250.00 253.11 256.64 260.70 
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Tin (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
1 5.00 5.56 6.25 7.14 
2 10.00 11.11 12.50 14.29 
3 15.00 16.67 18.75 21.43 
4 20.00 22.22 25.00 28.57 
5 25.00 27.78 31.25 35.71 
 
Antimony (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.1 0.50 0.56 0.63 0.71 
0.3 1.50 1.67 1.88 2.14 
0.5 2.50 2.78 3.13 3.57 
0.7 3.50 3.89 4.38 5.00 
0.9 4.50 5.00 5.63 6.43 
 
Tantalum (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.40 1.02 1.09 1.18 1.29 
0.60 1.53 1.64 1.77 1.93 
0.80 2.04 2.19 2.36 2.57 
1.00 2.55 2.73 2.95 3.21 
1.20 3.06 3.28 3.54 3.86 
 
Tungsten (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.90 4.50 4.84 5.26 5.78 
1.20 6.00 6.46 7.01 7.70 
1.50 7.50 8.07 8.77 9.63 
1.80 9.00 9.69 10.52 11.55 
2.10 10.50 11.30 12.28 13.48 
 
Bismuth (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.10 0.42 0.47 0.53 0.60 
0.15 0.63 0.70 0.79 0.90 
0.20 0.84 0.93 1.05 1.20 
0.25 1.05 1.17 1.31 1.50 
0.30 1.26 1.40 1.58 1.80 
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H. Critical metals – Biotite-tourmaline granites 
20% partial melting + 10-30% fractional crystallisation of assemblages discussed in B. 
Lithium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
25 100 86.06 72.77 60.16 
50 200 172.13 145.54 120.33 
75 300 258.19 218.31 180.49 
100 400 344.25 291.08 240.65 
125 500 430.31 363.85 300.82 
 
Beryllium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.40 2.00 2.11 2.24 2.39 
0.80 4.00 4.22 4.47 4.78 
1.20 6.00 6.32 6.71 7.17 
1.60 8.00 8.43 8.94 9.56 
2.00 10.00 10.54 11.18 11.95 
 
Gallium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
10 16.79 16.99 17.21 17.47 
12 20.15 20.39 20.66 20.97 
14 23.51 23.78 24.10 24.46 
16 26.86 27.18 27.54 27.96 
18 30.22 30.58 30.99 31.45 
 
Germanium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
1.00 2.60 2.89 3.25 3.71 
1.50 3.90 4.33 4.87 5.57 
2.00 5.19 5.77 6.49 7.42 
2.50 6.49 7.22 8.12 9.28 
3.00 7.79 8.66 9.74 11.13 
 
Niobium (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
2.00 5.30 5.53 5.81 6.14 
4.00 10.59 11.07 11.62 12.29 
6.00 15.89 16.60 17.44 18.43 
8.00 21.19 22.14 23.25 24.57 
10.00 26.48 27.67 29.06 30.72 
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Indium (ppb) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
10 50 51 53 55 
20 100 103 106 111 
30 150 154 160 166 
40 200 206 213 221 
50 250 257 266 276 
 
Tin (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
1.00 5.00 5.27 5.59 5.98 
2.00 10.00 10.54 11.18 11.95 
3.00 15.00 15.81 16.77 17.93 
4.00 20.00 21.08 22.36 23.90 
5.00 25.00 26.35 27.95 29.88 
 
Antimony (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.10 0.40 0.44 0.50 0.57 
0.30 1.20 1.33 1.49 1.70 
0.50 2.00 2.21 2.48 2.83 
0.70 2.80 3.10 3.48 3.96 
0.90 3.60 3.99 4.47 5.09 
 
Tantalum (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.40 1.11 1.18 1.26 1.36 
0.60 1.67 1.77 1.89 2.04 
0.80 2.22 2.36 2.52 2.72 
1.00 2.78 2.95 3.15 3.40 
1.20 3.33 3.54 3.78 4.08 
 
Tungsten (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.90 4.09 4.54 5.10 5.82 
1.20 5.45 6.05 6.80 7.76 
1.50 6.82 7.57 8.50 9.70 
1.80 8.18 9.08 10.20 11.64 
2.10 9.55 10.59 11.90 13.58 
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Bismuth (ppm) 
Source range 20% Melt F (fractional crystallisation) 
Co Cl 0.9 0.8 0.7 
0.10 0.50 0.56 0.63 0.71 
0.15 0.75 0.83 0.94 1.07 
0.20 1.00 1.11 1.25 1.43 
0.25 1.25 1.39 1.56 1.79 
0.30 1.50 1.67 1.88 2.14 
 
I. Lamprophyre models 
Modal abundance 
Ol Opx Cpx Grt 
0.55 0.2 0.15 0.1 
Trace element model (ppm) 
 
 F 
D 0.01 0.02 0.05 0.1 
Li 0.260 5.98 5.82 5.39 4.79 
Be 0.023 2.06 1.59 0.94 0.56 
V 1.329 61.85 62.01 62.47 63.27 
Cr 6.782 390.41 393.80 404.32 423.16 
Ga 0.296 13.19 12.89 12.07 10.91 
Ge 1.065 1.03 1.03 1.04 1.04 
Rb 0.001 54.61 28.60 11.78 5.95 
Sr 0.016 769.53 557.43 305.13 173.92 
Ba 0.001 609.83 317.09 129.95 65.51 
Y 0.318 13.26 12.98 12.23 11.15 
Nb 0.000 63.17 32.24 13.06 6.56 
In 1.627 0.01 0.01 0.01 0.01 
Sn 0.240 0.52 0.51 0.47 0.41 
Sb 0.002 0.45 0.25 0.11 0.05 
La 0.005 44.31 26.37 11.90 6.22 
Ce 0.010 85.40 56.75 28.28 15.40 
Nd 0.025 36.23 28.25 17.00 10.22 
Sm 0.053 6.47 5.62 4.03 2.74 
Yb 0.553 0.79 0.78 0.77 0.74 
Ta 0.001 3.47 1.79 0.73 0.37 
W 0.000 2.78 1.42 0.58 0.29 
Bi 0.001 0.24 0.12 0.05 0.02 
 
